




. in the Hydraulic Laboratory in Denver, Colorado. The studies were 

.made under Contract No. 14-06-D-3399 between the California De~ar t -  . 
ment of Water Resources and the Bureau of Reclamation. 

The basic designs were conceived and prepared by the Department 
, 

of Water Resources engineers. Final designs were established 

through model studies that verified the adequacy of the basic designs, 

or led to modifications needed to obtain more satisfactory performance. 

k i n g  the course of the studies, Messrs. R. A. Hill, Chairman of the 

board of consultants; and A. R. ~0126, H. G. Dewey, Jr., E. W. Stroppini, 

L. 0. Transtrum, G. W. Dukleth, and E. A. Menuez, of the Californiit 

Department of Water Resources staff visited the laboratory to observe 
, 

the tests and discuss model results. Mr. Dukleth s e r y d  as liaison 

officer between the Bureau and the Department during the first phase 

of the testing program. 
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Dear Mr. Warne: 

I am pleased to submit Hydraulics Branch Report No. Hyd-510 which 
constitutes our final report on studies conducted on the Flood Control 
Outlet and Spillway of Oroville Dam. I believe you will find this report 
interesting and informative, and that it will satisfy the requirements of 
your office for a comprehensive discussion of the extensive test program. 
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The initial combined flood control outlet and spillway for  Oroville 
Dam, in which the flow from the bays converged rapidiy into a 
narrow lined chute, did not operate satisfactorily on a 1:78 scale 
overall hydraulic model, so  .rarious changes were studied and an 
arrangement of separate structures was approved. Tests on the 
1:78 model of the approach channel, flood control oiitlet, gated 
spillway, chute, and river channel showed other flow conditions 
were excellent. The structure was redesigned as separate flood 
control outlet and emergency spillway, and the outlet was then 
studied or, a 1:48 sectional model and the 1 3 8  model. The outlet 
was  designed for a normal discharge capacity of 250,000 cfs at 
reservoir el  900. Energy dissipation of the outlet flow was accom- 
plished by dispersing the flow with four 23- x 44-ft wedge-shaped 
chute blocks. This dispersed flow landed in a large plunge pool ex- 
cavated in the right bank of the Feather River. Subatmospheric pres- 
sures at small areas  of the blocks were eliminated by aeration and a 
slight reshaping of the block corners. Pressures  on the bellmouth 
entrance surfaces were subatmospheric near the upstream end, but 
a more gradually curved bellmouth raised the pressures. Studies 
showed that if the flood control outlet was contained in a gravity dam 
section rather than the preliminary slab and buttress se~t ion ,  the 
vertical face of the gravity section greatly reduced vortex action and 
turbulence in the approach flow. 
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models/ model tests/ eddies/ *outlet works/ vortices/ hydrostatic 
nressures/ *stillinq basins/ velocity distributim/ flip buckets/ *spill- 
ways/ training walls/ turbulent flow 

. . 

IDENTIFIERS-- California/ Oroville Dam/ *bellmouth entrances/ *chute 
blocks/ hydraulic design/ approach channels/ flow dispersion/ converg- 
ing flow 
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CONCLUSIONS,- 

1. Flow in thespillway and outlet approaches was very good, but 
turbulence at the pier noses caused flow impingement on the radial 
gate counterweights, Figure 5. 

6. Pressures on the bellmouthsurfaces of the outlets were satisfactory, 



7. The discharge capacity of the outlets was a s  much as 17 percent 
less, and the spillway capacity was slightly greater than the design 
computations, Figure 15. 

8. Flow with the outlets only operating overtopped the sides of the 
center channel and occasionally overtopped the sidewalls of the chute, 
Figure 17. 

9. Merging of the spillway and outlet flows in the center channel was 
unsatisfactory; consequently, flow conditions in 'the chute were poor, 
Figure 18. 

10. Lowering the floor of the center channel improved the flow condi- 
tions for all discharge combinations but this solurion would require 
extensive rock excavation and costly concrete lining. 

15. A severe contraction occurred at the end pier for uncontrolled 
discharges up to 125,000 cfs, before the entrances submerged. 
After submergence there was swere  surging and turbulence of the 
water surface, Fip.re 31; vortices formed over the entrances for 
discharges up to 200,000 cfs; above 200 000 cfs excellent fiow COP.- 
ditions existed at the entrance, Figure 90. 

vented by slightly closing the gates. 

17. Modifications to the appx;oach, such as warped approach walls 
and earthfills at the dam, dia not improve the flow conditions d i -  
ciently to warrant their use, Figure 32. 

11. Increasing the rate of convergence of the outside walls caused the 
spillway flow to concentrate on either side of the outlet flow, resulting 
in excessive splashing and spray and overtopping of the chute sidewalls, 
Figures 19 through 24. 

12. This phase of the studies indicated that the combined spillway- 
flood control outlet could not be readily adapted to discharge into a 
narrow lined channel. 

Part 17--1:48 Model Studies of the Flood Control Outlet 

13. Unsymmetrical operation c a ~ s e d  severe drawdovm and turbulence 
at the entrances of the operating conduits. 

14. Symmetrical flows in the approach channel were smooth for dis- 
charges up to 200,000 cfs. 



18. Vertical walls above the e n t r a c e s  reduced the turbulence and 
vortex action and eliminated the flow separation in all except the end 
bay. A 14-foot-high wal l  was necessary to improve flow conditions, 
Figure 33. 

19. Pressures on the bellmouth roof and on the piers were near o r  
above atmospheric for discharges up to 150,000 cfs. At near maxi- 
mum discharges, pressures as low as vapor pressure were indicated 
in the top right corner of the end bay, Figure 35. The 14-foot-high 
vertical wa l l  improved the pressures in the bellmouth entrances, but 
4 feet of gate closure was neces szy  to ra ise  all pressures to atmos- 
pheric, Figure 36. 

20. Calibration of the outlet structure indicated that the maximum 
discharge (277,000 cfs) would be obtained at the design reservoir 
elevation of 917, Figure 37. 

21. Replacing the buttress dam on either side of the outlets with a 
gravity dam, Figure 41, increased the surging and vortex action over 
the entrances, Figure 42. 

22. A vertical wall over the entrances extending to the water surface 
eliminated the large vortices, but flow around the end of the wall 
created some turbulence and eddying, Figure 43; curved wingxvalls 
slightly redwed these eddies. 

23. P ie r  extensions on top of the sloping buttress roof and in front 
of the entrances did not impwve the flow, Figure 44; neither was the 
approach flow improved by excavating the hillside along the right side 
of the approach channel, Figure 45. 

24. Severely subatmospheric pressures were measured in the center 
and right corner of the bellmouth roof of Bay 7 at discharges above 
260,000 cfs, Figure 46; 10 percent gate closure raised the pressures 
to atmospheric. The vertical wall o r  pier extensions did not improve 
the pressures, Figure 47. 

25. The discharge capacity of the structure was about 5 percent greater 
than that of the previous arrangement, Figure 48. 

26. Placing the outlets in a gravity dam section, Figure 52, improved 
the flow conditions at the entrance, Figures 54 to 56. 

27. There was a tendency for the channel floor to erode upstream from 
the entrances. The model indicated that this erosion would be 4 to 7 feet 
deep and extend about 50 feet upstream along the right side of the approach 
channel, Figure 57. Later study on the 1: 78 scale model showed similar 
erosion. 
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28. Slightly improved pressures were measured in the more gradual 
bellmouth roof of this modification, Figure 59, but vapor pressures 
were noted in a small region in the left side and near the upstream end 
of the roof of Bay 8. These pressures could be raised to near atrnos- - 
pheric by closing the gate 9 inches, Figure 60. Pressures along the 
sides of the piers were satisfactory. 

* 

29. The discharge capacity of this structure was about 3 percent 
higher than that of the previous arrangement, Figure 66. The 277,000- 
cfs discharge could be obtained at reservoir elevation 908, Figure 67. 

Part III--Approved Flood Control Outlets, 1:78 Scale Studies 

30. Flow approaching the entrances was well distributed and very 
smooth, Figure 71. 

31. At 277,000 cfs a 20-foot-diameter vortex formed over the entrance 
of Bays 1 and 2, Figure 73. This vortex could be nearly eliminated by 
increasing the height of the left approach wall to elevation 907. A simi- 
lar increase to the right wall created poor flow conditions on the right 
side, Figure 74. 

32. The maximum average velocity in the approach channel, for 150,000 
cfs was about 8.4 feet per second, Figure 76. 

33. Bellmouth pressures in the 1:78 model compared favorably with the 
pressures in the 1:48 sectional model, Figure 79. The discharge capacity 
of the 1:78 model was within 1.4 percent of the quantities measured with 
the 1:48 model. 

38. A deep excavation, to elevation 140, in the right bank at the end of the 
chute improved the flow conditions, Figure 88, but i t  was considered im- 
practical to excavate below elevation 175. Ten- to twenty-foot-high sills 
at the end of the excavated basin greatly increased the energy dissipation. 

4 

34. The flow in the chute was very smooth at all discharges, Figure 80. 
However, the 277,000-cfs discharge overtopped the chute sidewalls, Fig- 
ure 81, indicating that the w a l l s  should be raised about 2 feet in height. 

35. Flow from the original nip bucket crossed the river and traveled up 
the far  bank, reaching a height of 170 feet above the river water surface, 
Figure 84. 

36. Extending the chute to a point near the river entailed a large amount 
of excavation but resulted in better eaergy dissipation, Figure 85. 

37. An extensive excavation in the left bank, opposite the chute, did not 
improve the energy dissipation sufficiently to warrant the additional exca- 
vation, Figures 86 and 87. 



39. Different types of flip buckets on the chute, Figures 89 and 90, 
used in conjunction with the excavation in the right bank resulted in 
fair energy dissipation. 

40. Four wedge-shaped blocks, about 23 feet high by 44 feet long by 
10 feet wide, placed at an 18' angle with the centerline of the chute 
were recommended for the prototype, Figures 91, 92, and 93. 

41. Small areas of subatmospheric pressures in and near the chute 
blocks were eliminated by special treatment at the upstream end of 
the blocks near the invert and at the downstream corner of the side 
facing the flow, Figures 100 and 102. There was no air  demand at 
air vents on the downstream sides of the blocks. 

42. A wall on the left bank of the river opposite the chute reduced 
the eddy in the river, Figure 106; however, severe erosion occurred 
at the end of the wall. . 
43. The overburden moved by the impingement of the chute flow on 
the left bank will form an extensive deposit that could extend across 
the river and adversely affect the powerplant tailrace water surface 
elevation, Figure 107. 
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INTRODUCTION 

Oroville Dam is the principal structure of the multipurpode Oroville 
Division of the State Water Facilities. This composite structure is a 
major feature of the Calzornia Water Plan being accomplished by the 
Department of Water =sources, State of California. The 77Q-foot- 
high, 6,800-foot-long earthfill dam is being built across the Feather -\. 

River about 5 miles upstream from Oroville, California, Fi re  1. 
The dam will create a reservoir with a capacity of 3,484,00 t? acre-feet. 
The principdl%ydraulic features of the dam are the flood control outlets 
and spillway described in this report. Discussions of model studies on 
other hydraulic features at the dam have been reported in other laboratory 
reports. A/, 2/, 3/, 3/,2/, and C/ 



The results of the investigation will be reported in the order in which 
they were studied; Par t  I contains the results of .the original combined 
spillway-flood control outlets study; Par t  11 reports the results of the 
1:48 scale sectional model investigations of the flood control outlets; 
and Par t  III contains the studies of the flood control outlets on the over- 
all 1:78 scale model. 

In the early stages of design, the control structure at Oroville Dam 
consisted of a flood control outlet structure flanked on either side 
by a 234-foot-wide overfall spillway- A 400-foot-long concrete apron 
downstream from the structure converged the flow into an excavated 
pilot channel leading to the Feather River. This concept was subse- 
quently chmged by the addition of a 150-foot-wide concrete-had 
chute extending directly downstream from the floo6 control outlets 
to the river, a drop of about 550 feet in a distance of about 3,000 
feet. The converging training wal ls  of the spillway directed the 
spillway flow into the concrete-lined chute, which was designed to 
carry the flood control outlet discharge of 250,000 cfs; the infrequent 
spillway flows were expected to overtop the lined chute. 

Because the flood control complex was basically designed to discharge 
into a wide unlined channel, hydraulic model studies were initiated to 
determine whether the flows from the spillways would satisfactorily 
merge with flows from the center flood control outlets into the com- 
paratively narrow lined channel. 

The model studies indicated that a practicable method of combining the 
spillway and flood control outlet flow into the narrow lined channel was 
not apparent. Consequently, the Department of Water Resources pro- 
posed a new concept that separated the spillway into two distinct s tmc-  
tures, the flood control outlet and the emergency spillway. 

The original combined flood control outlet was investigated with a 1:78 
scale model. The flood control outlet for  the second concept, and its 
subsequent modifications, was tested in both a 1:48 scale sectional model 
and a 1:78 scale overall model. The emergency spillway in the second 
design concept was not included in the model studies. 



Water was supplied to the model reservoir through a 12-inch-diameter 
pipe connected directly to tile permanent laboratory water-supply system. 
The flow was stilled by passhg  it through a 6-inch-thick rock baffle. 
Model discharges were measured by venturi meters permanently installed 
in the laboratory. Powerplant discharge into the Feather River was sim- 
ulated by a separate portable centrifugal pump discharging through a cal- 
ibrated venturi meter. 

The reservoir topography and approach channels were formed in concrete. 
The spillway crests  and flood control outlet floor were constructed of 
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PART I--COMBINED FLOOD CONTROL OUTLET AND SPILLWAY 

The Oroville Dazii spillway, as initially tested by the Bureau of 
.. Reclamation, consisted of a flood control outlet section, flanked by 

two overfall spillway sections, Figure 2. Row converged from the 
623-foot width of the three sections to a 150-foot-wide chute in a 
distance of 1, 186 feet. The chute, 1,988 feet in length, terminated 
in a flip bucket that directed the flow into the Feather River, approxi- 
mately 600 feet below the maximum reservoir elevation. Tne over- 
flow structure and chute followed closely the contours of the natural 
topography. The flood control outlets included five 27- by 34-foot 
bays separated by 12-foot-wide piers; flow through each bay was con- 
trolled by top seal radial gates, Figure 3. The invert of the outlets 
was at elevation 813.6. The spillway cres t  was at elevation 868.0. 
Flow over each spillway section was controlled by four 47.5- by 32- 
foot automatically operated radial gates. The flood control outlet was 
designed to pass a dischar e of 250,000 cfs at  the normal reservoir 
water surface elevation 90 8 . At the same reservoir elevation, the 
spillway was designed to pass 260,000 cfs. The maximum combined 
design discharge was 650,000 cfs at reservoir elevation 909.3. 

The testing program for  this structure was stopped when the California 
Department of Water Resources decided that the design could not readily 
be adapted for use in a concrete-lined chute. 

The 1578 Scale Model 

The 1:?8 scale model representing the Oroville Dam spillway contained 
the eight bays of the overfall spillway, the five bays of the flood con- 
trol outlets, the excavated approach channels, and about 1,300 by 
2,000 feet of the surrounding reservoir topography. The converging 
transition apron, sloping chute, and flip bucket downstream from the 
gated spillway and flood control outlets were also modeled, Figure 4. 
Construction of approximately 3,000 feet of the Feather River bed 
downstream from the sloping channel was started but not finished be- 
fore the design concept was changed. 



Flow in the approach channel to the outlet was very smooth when only the 
flood control outlet was operating at 250,000 cfs, reservqir elevation 900, 

concrete screeded to sheet metal templates. The piers were made 
of wood treated to resist swelling. The bellmouth roof and radial 
gates were made from galvanized sheet steel. The transition apron, 
chute, and flip bucket were made of wood. 

Reservoir elevations were measured by means of a hook gage installed 
in a stilling well with an inlet located approximately 4 feet downstream 
from the rock baffle and about 1 foot tc the right of the right edge of the 
approach channel. 

Pressure measurements were made on the flood control outlet bell- 
mouths by means of piezometers connected to open-tube manometers. 

The Investiqation 

General 

The investigations were concerned with: (1) flow in the approach chan- 
nel to the outlet and spillway; (2) flow entering the bellmouth entrances; 
(3) the pressure conditions and discharge capacity of the ouilets; (4) flow 
emerging from the outlets; and (5) flow through the overfall spillway 
merging witb the outlet flow in the lined chute. 

No studies were made of the part of the structure downstream from the 
confluence of spillway and outlet flows. 

Flood Contro2,Outlet and Spillway Approach Channel Flow 

Ir~itial model operation showed generally good flow conditions in the 
approach channel, Figure 5. The broad excavated approaches to the 
overfa31 spillways provided ample flow area, even for the maximum com- 
bined discharge of 650,000 cfs. Although no excessive drawdown occurred 
around any of the piers, the flow surface was rough between the piers due 
to turbulence around the pier noses. This surface roughness caused the 
flow to impinge on the gate counterweights mainly in the end spillway bays. 

When the discharge through the flood control outlet w a s  greater than tl-at 
through the spillways, some drawdown and turbulence occurred in front 
of the intermediate piers and upstream along the edges of the spillway 
approach channel. The flow over the edges of the spillway approach 
channel caused drawdown and eddying to extend about 50 feet upstream 
from the pier noses. Because of the lower natural topography on the 
right side of the spillway approach, a greater portion of the flow came 
f ~ o m  that side and increased the turbulence and drawdown in the right 
outlet. 



Figure 6. A water-surface drawdown of 7 to 8 feet occurred at  
the right intermediaze pier, a ~ d  4 to 5 feet at the left intermediate 
pier. The drawdown was considerably reduced if the spillway bays 
adjacent to the intermediate piers were fully opened. At all times, 
some eddying was  observed just upstream from the flood control 
outlets, and vortices periodically formed. These disturbznces car-  
ried down through the outlets and caused the flow to impinge on the 
gate trunnion in the end bays. 

Approach channel chanqes. --The extremely smooth flow over the 
spillway approaches indicated that the approach channel might be 
overexcavated. To determine what effect a lesser  amount of chan- 
nel excavation would have on the approxh flow, the natural topog- 
raphy was restored to within 800 feet of the spillway crest. This 
reduction in excavation did not adversely affect the flow appearance 
in the approach channel for outlet, spillway or  combined operation. 

Two types of wingwalls were tested to reduce the turbulence at the 
intermediate piers which occurred when the outlet operated sepa- 
rately. The w a l l s  were attached to the intermediate piers, and the 
f irst  extended 195 feet upstream along the berm edge, and termi- 
nated in a 110-foot radius quarter circle. The 110-foot radius quarter 
circle connected directly to the intermediate piers, without the long 
extension was also tested. The latter wal l  created the best flow, 
Figure 7, but either wall improved the flow at the intermediate piers. 

Approach flow velocitv measurement. --A velocity traverse for a com- 
bined flow of 626.000 cfs was taken at Station 10+71.50. 50 feet UD- 
stream from thepier  noses in the approach channelsbi the outletAand 
spillways. Vertical velocity profiles for outlet discharges of 150,000 
and 250,000 cfs at reservoir water surface elevation 900 feet were 
taken in the outlet approach channel at  15-foot intervals along Stations 
10+71.50 and 10+11.50, Figure 8. Dye traces were used to properly 
orient the directional flowmeter at  each position. The dye was fed into 
a copper tube which had holes drilled every 0.3 foot along one side, 
Figure 9. The tube was placed upstream from the location of measure- 
ment and the meter was oriented according to the dye traces which 
emitted from the holes. 

The flow velocity at 625,000-cfs combined discharge was quite uniform 
across most of the approach channel, Figure 10. The velocities were 
higher near the outside edges of the spillway approaches due to the 
reservoir topogravhv. Tke velocities across the approach channel to 
the outlets were slightly lower than those in the spillway approaches. 



%leven rows of four piezometers each were installed in the pier v~al ls  
and bellmouth roof of the flood control outlets, Figure 14. Adjacent 
rows were located in the roof and wai ls  along both top corners of Bay 5 
and along the top right corner of Bay 3. Three rows were placed at ele- 
vation 830.13 feet o r  midway between the floor and bellmouth roof on the 
left side of Piers 4 and 6 and the right side of Pier  5. Two rows were 
placed along the roof at the centerlines of Bays 3 and 5. These locations 

10 

discharge; the velocity 50 feet upstream (Station 10+71.50) had a maxi- 
mum variation of about 6 fps, Figure 11. The maximum variation in 
velocity for 150,000-cfs discharge was about 3 fps at Station 10+71.50, 
Figure 12. The vertical velocity distribution was also very uniform, 
except at each side of the outlet channel where the flow over the chamel 
sidewalls caused some disturbance. 

Flood Control Outlet Flow 

The outlets were operated separately with the spillway gates closed. 
As the reservoir water surface rose, all bays did not suDmerge at the 
same time. The water surface f irst  touched the end bay roofs; when 
the end bays submerged, severe drawdown and vortex action occurred 
in the adjacent bays. Bays 2 and 4 were the last  to submerge. There 
was much turbulence around the right intermediate pier and the pier 
adjacent to it. This irregular flow condition caused high surface ridges 
in the flow which impinged on the gate trunnions in the end bays, Fig- 
u re  13. Opening of the spillway gates a small amount reduced the tur- 
bulence at  the outlet entrances and smoothed the flow emerging from 
the outlets. 

High fins of water formed just downstream from the flood coniroi' outlet 
piers where flow from adjacent outlets met. The size of the fins could 
be reduced by streamlining the downstream ends of the piers. 

Spillway Flow 

Generally, the flow over the spillway cres t  was very smooth. The 
drawdovm around the piers at maximum discharge created a fin of 
water against the pier sides which impinged on the gate counterweights. 
This was  most severe at the extreme left and right ends of the spillway, 
but was present to some extent in all bays. During the combined maxi- 
mum discharge of 625, 000 cfs, the water surface of the spillway flow 
was about 8 feet higher than the flood control outlet water surface a t  the 
downstream end of the intermediate piers. The difference in water sur-  
face levels caused the spillway flow to drop laterally around the interme- 
diate piers into the lower flood control outlet channel causing splashing 
and turbulence in the outlet flow. 

Bellmouth Pressures  



were chosen as c ~ i t i c a l  or representative pressure areas  within the 
structure. 

P r e s s i r e s  were recorded for outlet discharges of about 170, OQO:::-:--r:x 
200,000, and 240, O O O  cfs, and no flow through the spillway. .,The 
lowest observed pres&es, about 7 feet of water below atmospheric, 
were at  the top left s i d e k  P ie r  E, Figure 14. An area  at  the right 
side of Bay 3 roof also reached a subatmospheric pressure of about 

" 

3 feet. A l l  other pressures were either near o r  above atmospherjc.. 
Al l  pressures were well above the cavitation range and should have 
had no adverse effect on the performance of the structure. 

A calibration of the model indicated that the discharge capacity of the 
flood control outlets was lower than expected, Figure 15. This defi- 
ciency in discharge existed fo r  all reservoir  elevations above 850 and 
was as much as 17 percent at  reservoir elevation 865. A rerouting of 
the design flood, however, indicated that the reservoir elevation would 
be increased only 0.25 foot above that shown for +-he computed curve 
used to route the design flood. The model also showed that the spi21- 
way capacity was slightly lower than the computed value. 

The combined outlet and spillway operating curve, as determined from 
the model, showed a sharp upswing at about 575,000-cfs discharge, 
This sudden change in the capacity curve was probably due to back pres- 
sure  caused by the flow impinging on the radial gate counterweights. 

A coefficient of discharge curve for  the fiood cont'rol outlet operating 
with outlet gates fully open and the spillway gates closed, is shown on 
Figure 16. 

Chute Apror~ 

Flow from the spillway and flood control outlet discharged onto a con- 
verging concrete-lined apron. The port-ion of the flow from the cen- 
trally located flood control outlet discharged into a depressed 183-foot- 
wide channel section of the apron that converged ,to ihe 150-foot-wide 
chute in a length of about 1,200 feet. The two spillway sections, one on 
either side of the outlet, discharged onto apron sections that were about 
33.4 feet higher thaq the invert of the outlet apron. The sidewalls of the 
spillway aprons also converged to the 150-foot-wide chute, and the inverts 
sloped downward until they mere about 10 feet higher than the outlet iiivert. 
at the upstream ecd of the chute, Figure 17. 

Initial tests indicated that the principal problem was to converge a 610- 
foot-wide sheet of supercritical flow into a 150-foot-wide chute within a 
sufficiently short transition to be economically feasible. x ~ w  conditions 
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were satisfactory when the outlet discharges were contained within the 
center portion of the channel. However, about 400 feet downstream 
from che outlets the flow overtopwd the sides of 'he center channel at 
250,000-cfs outlet discharge, spread laterally across the two outside . 
(or  spfXtw8.yl portions of the apron and impinged on the apron sidewalls, 
Figure 17. This caused considerable turbulence, pileup, and occasional 
overtopniny of the chute sidewdlls. The turbulence transmitted a large - 
diamona pattern on the floa x r f a c e  throughout the downstream chute. 
Greater turbulence and upset flow conditions occurred when spillway flows 
were added to the outlet flow. The spillway flow spread toward the center 
and passed over the outlet flow. The convergence of these two flows 
formed high fins of water which, at 620,OGO-cfs combined flow, over- 
topped the zpron sidewalls just upstream from the beginning of the 150- 
foot-wide chute and extending downstream for  a distance of several hun- 
dred feet, Figure 18. Tnese flow conditions indicated that major changes 
we-e necessary to create satisfactory flow conditions for outlet, spillway, 
and combined outlet and spillway discharges. 

First  outlet channel chanqe. --Discharges up to 250,000 cfs would be 
most freauenflv encountered throuqh the flood control outlet. Chanaes 
were made in s i tenpts  to  confine this discharge m the center c h m &  
and still have reasonably acceptable flow conditions when the spillways 
were placed in operation. To accomplish this, the floor of the center 
o r  outlet section of the apron was arbitrarily lowered as f a r  as possible 
against the model box floor. This lowered section extended from the 
piers (Station 12+25.63) to the 150-foot-wide chute (Station 24412.07) 
and sloped to the original floor between Stations 24i12.07 and 29-1-00. 
The maximum outlet discharge (250,000 cfs) was completely contained 
in the revised center section and the flow was  smooth throughout the 
apron and chute. The spilwag; flow merged with the outlet flow with- 
out creating excessive turbulence o r  overtopping. However, the low- 
ered center section would require a large amount of rock excavation 
and costly lining in the protobjpe s o  it was considered an uneconomical 
design. 

Second outlet change1 chanqe. --A design containing discharges up to 
150,000 cfs in the ?enter section was next tested. Water surface pro- 
files for  the outlet discharqe of 150,000 cfs was  marked on the vertical 
sides of the center section' and the  center floor was raised the amount 
of the difference between the 150,000-cfs water surface profile and the 
top of the spillway side aprons. 

Discharges up to and includiig 150,000 cfs at reservoir water surface 
elevation 900 were very smooth. m e n  the outlet discharge was  raised 
to 250,000 cfs, the flow spread as in the initial design, hit the sidewalls 
and again caused turbulence and waves in the chute. When Che spillway 
discharue was added to the outlet flow. the combined flows auain caused 
extreme turbulence and splashing in'the chute and overtopping the 
sidewalls. 
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A total discharge of 620,000 cfs (250,000 cfs through the outlet and 
185, 000 cfs through each section of the spillway) caused flow condi- 
tions which were very similar. Ridges of flow in the center channel 
reached a 60-foot height. Water from the ridges folded over on top 
of the spillway flows and formed large fins which overtopped the side- 
walls  at the end of the converging section, Figure 20. The flow also 
overtopped the downstream chute walls  at  several points. Flow condi- 
tions 'rJere g e n e r a y  inferior to those of the initial design; however, 
the test did indicate that it might be possible to transition the flow int 
the narrow chute. 

Second spillway chanqe. --The angle of convergence of the sidewalls 
was changed from 23' to 16O. The sidewalls were extended to the 
walls of the center channel, 780 feet downstream from the end of the 
outlet piers, Figure 21. The invert of the apron was the same as b 
the initial. design. The flow, with the maximum outlet discharge of 
250,000 cfs, spread onto the spillway apron about 300 feet downstream 

First spillway chanqe. --It seemed that turbulence and overtopping 
in the apron and chute might be reduced if the flows could be  made 
to converge at a lower velocity. This mjght be accomplished by 
merging the flows before the velocity became too great. In the 
initial design the angle that the spillway cres t  axis made with the 
outlet was 11" 26'. The effect of increasing this aRgle was accom- 
plished by increasing the angle of convergence of the sidewalls. 
To merge the spillway and outlet flows more rapidly, three changes 
were made which increased this angle. 

The f irst  change included sidewalls that converged on the center 
channel at an angle of 25' and extended from the end spillway piers 
at Station 12+05.86 to the outlet portion of the apron 450 feet down- 
stream. Guide vanes were placed at the ends of the spillway piers 
to train the flow in the direction of the sidewalls, Figure 19. 

The maximum flood control outlet discharge of 250,000 cfs started 
to overtop the raised spillway apron at  about Station 15+20 but only 
a very small amount reached the sidewalls. The flow was fairly 
smooth with only minor turbulence and no overtopping of the side- 
walls, Figure 19. , 

A total discharge of 250,000 cfs (150,000 cfs through the outlet and 
50,000 cfs through each spillway section) was tested next. The 
higher velocity of the spillway flov~ was sufficient to cause consid- 
erable splashing and turbulence when i t  merged with the outlet flow, 
Figure 20. The water converging from either side created a ridge 
of flow about 30 feet high on either side of the center channel. A 
diamond pattern with 5- to 10-foot-high fins of water formed on the 
chute. However, no overtopping of the sidewalls occurred. 



from the outlet exit and struck the apron sidewalls about 200 feet 
farther dovmtream, Figure 21. The flow had sufficient force to 
creaie a 20-foot-high fin of water when it struck the sidewall. 
Twenty-five-foot-high waves formed in the main channel downstream - 
from the poht of intersection. 

The flow with the combined outlet and spillway discharge of 254 000 
cfs was generally very good, Figure 22. The spillway flow was 

- 
smooth; when it merged with the outlet flow, a pileup occurred at 
ahout Station 16+00, but the sidewalls were not overtopped. The 
maximum zombined discharge of 620,000 cfs formed the same gen- 
eral flow pattern, but the ridge of water was 50 feet high slightly 
upstream, Figure 22. Two similar side flow concentrations formed 
and spilled over the curved sidewalls of the transitions with s steady 
full stream. Overtopping also occurred at several places farther 
down the chute. The extreme overtopping of the sidewalls indicated 
that the best vlgle of convergence should be between 16O and 25O. 

The maximum outlet discharge of 250,000 cfs and the combjned outlet 
and spillway discharge of 250,000 cfs produced satisfactory flow con- 
ditions similar to those of the prevdus test, Figure 23. The flow struck 
the sidewalls just upstream from the 150-foot-wide chute but there was 
no overtopping, Figure 24. 

The maximum combined discharge of 620,000 cfs had the same general 
flow pattern, Figure 24. The merging of the side flows with the center 
flow caused 60-foot-high fins which overtopped the sidewalls at the end 
of the transition. The flow downstream was highly turbulent and fre- 
quently overtopped the sidewalls. 

Because these preliminary model studies showed that concept of 
a combined spillway-flood control outlet, designed to discharge into 
a wide unlined channel, could not economically =d practicably be 
adapted to a comparatively narrow concrete-lined channel the 
California D e w b e n t  of Water Resources proposed a radically dif- 
ferent design that separated the two features. 
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Third spillway chanqe. The third change simulated a 22" angle of 
converaence of the sidewalls. which were installed in the shaue of 
a reverse curve extending frbm the end of the spillway (station 
12+05.86!, and becoming tangent to the sides of the center channel at., 
Station 18+30, Figure 23. The sidewalls in this arrangement were':;,,.'?; 
26 feet high, about 6 feet higher than the earlier walls. Guide viiies ',,j 
were again used to train the flow downstream from the spillv~ay piers. 
The curve for the sidewalls had been derived by experiment, using ad- 
justable side~ualls which could be bent to any.configuration and choosing 
the alinement that produced the smoothest flow conditions. 



PART 17--1:48 MODEL STUDIES OF THE 
FLOODCONTROLOUTLET 

The new design concept for the spillway called for major design 
modificatioris. The spillway was separated into two structures, 
the flood control o'itlet and a 1,740-foot-long uncontrolled overfall 
crest. The latter, the emergency spillway, discharged into a 
natural channel about 500 feet to the right o r  northwest of the out- 
lets, Figure 25. Since the emergency spillway would operate only 
during extreme flood conditions, no model studies were made of 
this part of the structure. 

The 1:48 scale sectiondl model contained the three right-hand bays 
(5, 6: and 7) of the seven bays of the flood control outlets, a 
portion of the approach channel and adjacent topography on the right 
side of the approach channel, Fiwe 28. For most kests, a wall 
of symmetry was installed which extended from the left side of Bay 5 
upstream about 400 feet into ihe reservoir.  The purpose of the wall 
was to cause the flow to approach the three bays as if dl1 seven were 
operating. Raffies and floats i n  the headbox were used to still the 
inflow and assure evenly distributed, smooth flow in the approach 
channel. Piezometers were installed at critical locations in the roofs 
and sides of the bellmouth entrances of Bays 5 and 7. The model 
topography was constructed with concrete mortar placed on wood and 
expanded metal lath forms. The outlet piers, bellmouth roofs, and 
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The floodcontrol outlet, Figures' 26 and 27 consisted of seven 
20-foot-wide by 5%-fo,ot-high outlets concolled by'top seal  radial 
gates. Tne outlet was placed in  a sectioii of a 455-foot-wide slab 
and buttress-type dam. Flow fro 
170-foot-wide, 3, 400-foot-lcng, co 
ated at  the Feather River, Since the 
pected to operate frequently, mode: 
the flow characteristics of the outlet, 
channel a t  the end of the chute. , . 

, . . : ..,., ,.., . 
Originally two models were planned for this stud l$8 scale 
sectional model would be used to obtain discharge capacity curves, 
bellmouth entrance pressure data, and flow conditions upstream' 
of and thruugh the outlet bays. The second model,'< 1:78 scale, would 
contain the complete outlet structure, including the s+en aupets, 
the excavated approach channel, surrounding topography,. th, .:or.crete- 
lined chute, and a 3,000-foot segment of the Feather Rive;. channel 
and would be used to investigate the flow characteristics of the over- 
all structure. B e c a ~ s e  of adverse operating conditions revealed by 
the 1.:48 model, the overall model of this design was not built. 

The 1:48 Scale Sectional Model 



the dam face were built of wood. The floor of the outlet and the 
approach were formed in concrete, Figure 28. 

Except where noted, all discharges in this report are given a s  total . 
prototype discharge, though  the outlets assuming all seven bays 
were operating. 

The Investiaation of the First Modification 
to the Flood Control Outlet 

Without Wall  of Symmetry 

Without the wall of symmetry, model flow conditions were repre- 
sentative of prototype flows through the three right-hand bays only. 
Although this was not a probable prototype operation, flow condi- 
tions were observed in  the model for several discharges with the 
gates full open. 

In general, flow approaching the outlet was smooth; however, most 
of the flow that entered Bay 5 (the left-hand bay of the three oper- 
ating bays) came from the left side of the reservoir, move2 parallel 
with the d a m  and made an abrupt turn into Bay 5. 'This caused 
about a 16-foot-deep drawdown in the water surface around the pier 
on the left side of Bay 5 for discharges between 20,000 and 50,000 
cfs (three bays operating). At 55,000 cfs the entrances became 
submerged and the drawdown was reduced to about 4 feet; for  dis- 
charges greater than 70,000 cfs the submergence was sufficient to 
eliminate all drawdown. The flow entered Bays 6 and 7 from almost 
directly upstream and negligible drawdown occurred a rowd  the 
piers of Bays 6 and 7 at  any discharge. 

When the discharge was about 64,000 cfs, small vortices formed 
over the entrances of Bays 6 and 7; as the flow increased to the 
maximum (119,000 cfs), the small vorticesmerged into one large 
vortex whose tail allernated between Bays 6 and 7, Figure 29. The 
tail of this vortex carried down through the outlets and caused the 
flow to separate from the roofs of Bays 6 and 7, Figure 23. 

With Wall of Symmetrx 

The wall of symmetry was installed in the model. for  the remaining 
test program. With the wall of symmetry, the :pproach flow for 
discharges up to about 200,000 cfs (assuming r l i  seven bays in oper- 
ation), was smooth and straight and was cordned within the excavated 
a p p r ~ a c h  channel. The flow entered and passed through Bays 5 and 6 
with no excessive turbulence, Figure 30. However the flow moving 
down the right side of the channel impinged on the vertical surface to 
the right of Bay 7. This deflected the flow toa7wd the left, causing 
a severe contraction around the end pier, Figure 31. Bay 5 flowed 



fu l l  at reservoir elevation 853.4 (Q = 100,000 cfs), Figure 31; how- 
ever, due to the contraction, Bay 7 did not f i l l  until the reservoir 
was  raised nearly 5 feet (Q = 125,700 cfs). 

After all bays submerged, there was extreme turbulence above the 
outlet entrances, as  shown for the 150,000-cfs discharge in Fig- 
ure 31. The contraction on the right side of Bay 7 resulted in a 
depressed water surface above Bay 7 and a boil above Bay 5. 

Severe vertical surging as well a s  horizontal oscillation of +he water 
surface above the entrances created intermittently an 8- to 10-foot 
difference in water surface along the face of the outlet. 

At a discharge of about 200,000 cfs the reservoir water surface over- 
topped the topography on the right side of the approach channel and 
spilled into the area excavated for the footing of the dam; the flow 
then moved along the dam toward the outlet. This strong lateral flow 
caused severe vortices and turbulence over the entrances. The vor- 
tices in front of Bays 5 and 7 were about 20 feet in diameter. Flow 
also moved across the topography into the approach channel and 
formed a large turbulent eddy along the right side of the charnel. 
The vortex action and turbulence diminished as the reservoir water 
surface elevation increased. Near the 277,000-cis discharge the 
vortex action was intermittent and occurred only upstream from 
Bay 5, Figure 30. 

Outlet Flow 

Flow emerging from the outlet was not entirely satisfactory because 
of roughness in the water surface and separation of the flow from 
the outlet roofs. These adverse conditions were partly due to the 
poor entrance conditions and partly because of the bellmouth roof 
shape. Flow around the piers was very satisfactory. 

The shape of the bellmouth roof was defined by the equation 

feet long instead of the 19.00-foot length required to form the full 
bellmouth. Generally the flow downstream from the bellmouths was 
smooth for discharges up to and including 200,000 cfs, except in 
Bay 7. The adverse flow conditions on the upstream side of Bay 7 
and around the end pier carried through the outlet and created a de- 
pressed water surface in the center of the bay and a large fin along the 
right pier, Figure 30. For a discharge slightly below 250,000 cfs, 
the flow began to separate from the downstream portion of the bell- 
mouth roofs. This separation, which became greater as the discharge 
increased, occurred in all bays and may be seen in Figure 30 for dis- 
charge of 100,000 and 277,000 cfc,. At 277,000 cfs the flow separa- 
tion in Bay 5 was less, but never completely disappeared. The outlet 
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Vertical. wall above outlet entrances. --The next modification was 
a c a l  wall placed above the outlet entrances. The first wall 
e-xtended from the bellmouth roof to above the maximum reservoir 
water surface, elevation 917; the face of the wall was  tangent to 
the nose of the bellmouth, Figure 33. This wall improved the 
flow conditions at the bellmouth entrances. The vortex action was 
slightly reduced by the addition of the highwall; however, lower 
walls did not appreciably change the vortex size, The high wall 
eliminated the separation in Bays 5 and 6, although it had no effect 
on the flow separation in Bay 7, Figure 33. 
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could be forced to fill by blocking the downstream end of the bays, 
but when released, the flow would almost immediately separate 
i rom the roof of the outlet. There was no separation in Bay 5 when 
the discharge was increased to 294,000 cfs; the separation from 
the roof of Bay 6 was intermittent and the bay flowed full much of 
the time. Separation also occurred in the right half of Bay 7 and 
was persistent for discharges above about 200,000 cfs. 

Chanqes in the Approach Channel 

Several design changes were made in attempts to improve the flow 
conditions in the approach channel and through the ~ u t l e t .  

Approach channel sidewall transition. --A warped transition w a s  
fjlaced alons the right side of the amroach chznnel unstream from 
ihe outlet etitrance; Figure 32. 6 6  transition extegded 100 feet 
upstream from Pier  8 and merged with the 0.5:l side slope. The 
approaching flow and flow into the bays were very smooth far  
discharges up to 100,000 c i s  because the water surface reached 
only as  high as the transition. The warped wall prevented the 
severe contraction at  the right side of Bay 7 for discharges up to 
150,000 cfs. At 150,000-cfs discharge a slow eday formed at the 
right corner of Bay 7 depressing the water surface about 3 or  4 
feet. At the higher discharges the flow was similar to that with- 
out the transition. Strong vortices still formed over the entrances. 
The transition did not improve flow conditions at tile entrance suf- 
ficiently to warrant further investigation; therefore, no other 
lengths o r  types of transitions were tested. 

Filled depression at dam. --Iritial rests had shown that the 1.5:: 
sloping excavation upxretim from the dam face, Figure 26, 
created some adverse flow conditions; therefore, icwas filled 
with gravel to the natural ground line, Figure 32. At aLZ uncon- 
trolled discharges the flow conditions were either unaffected 
or  improved by the fill. The fill reduced the strong constant 
vortex, which initially formed at  200,000 cfs, to a large turbu- 
lent eddy; at the maximum discharge the fill made Little differ- 
ence in the flow appearance. 



All of the walls were effective in preventing separation in Bays 5 
and 6, but had very little effect on the separziion in Bay 7. The 
lowest wall  that was tested was 3 feet high. 

-4 wall extending above the reservoir water surface was most 
effective, however, a 14-foot-high wall would provide satisfactory 
flow conditions. 

Pressures  in Outlet 

Sixty-nine piezometers were placed in the roofs and along the sides 
of Bays 5 and 7, Figure 34. h Eay 5, piezometers were located 
along the centerline and right side of the roof and along the right 
side at the roofline and 16.35 feet above the invert. In Bay 7 pie- 
zometers were placed in the same relative locations as in Bay 5, 
but an additional row was placed in the roof near the left wall and 
two rows were installed on the left side, orle at  the r'3ofline and the 
other 16.35 feet above the floor. 

Pressure measurements were made at  discharges of 150,000 and 
277, COO cfs with the radial gates fully open anc, with the wall of 
symmetry in place. Pressures  for the 277,000-cfs discharge with 
three model arrangements z re  shown in Figure 35. The minimum 
observed pressure was equivalert to 7 feet of water below atmos- 
pheric. Pressures  for the 150,000-cfs discharge followed the same 
trend but were considerably higher than for the 277,000-cfs discharge. 

Pressures  without wall of symmetry. --Without the wall of symmetry, 
the model represented flow through 'he three right-haild bays only. The 
appearance of the flow indicated that most of the flow came froro the 
left, moved along the face of the dam, and made an abrupt turn into the 
openings. Plow approaching the outlet in this manner generally re-  
sulted in reduced pressures on the right side of the piers and the 
left corner of the roofs and higher pressures on the left side of the 
piers and right corner of the roofs, Figure 35. The pressures in 
the right corner of the roof and on the left side of the piers were as 
much as 20 feet of water higher for  unsymmetrical operation than 
for symmetrical operation. The pressures on the right side of the 
piers and in the left corner of the roofs were generally slightly lower 
during unsymmetrical operation. 



Generally, all observed pressures along the roofs of the bellmouth 
entrances were below atmospheric from a point about 3 feet down- 
stream from the pier noses. Pressures on the sides of the piers 
at the roof were usually the same as  the roof pressures. The 
pressuresonthe side of the piers 16.35 feet above the floor were 
above dt lk~ap~d1C except for Pier 8. At Pier 8 the water sur- 
face drawdown as the flow enteref +he outlet was reflected in sub- 
atmospheric pressures equivalent to about 8 feet of water. The 
separation of the flow from the roof on the downstream side of 
Bay 8 was also indicated by atmospheric pressures recorded in 
this area. It was noted that just before the flow separated from 
the roof the pressures momentarily reduced to approximately vapor 
pressure. 

Pressures with vertical wall over entrances. --Pressure measure- 
me& obtained with a 14-foot-high vertical wall over the entrances 
showed that all pressures were increased 1 to 5 feet, Figure 35. 
Pressure observations made with other vertical walls in place 
indicated that the pressures were increased a m u m  of 5 feet 
when test walls ranging from 3 feet in height to one extendinq to the 
maximum water sufface elevation were tested. 

" 

Effect of qate closure. --Tests were made to determine the amount 
of gate closure necessary to raise the bellmouth Dressures to an 
acceptable level for maximum reservoir elevation 917. Tests 
were made with the gates lowered 1, 2, and 4 feet below maximum 
opening. The tests showed that the gates should be lowered about 
4 feet to  assure atmospheric or higher pressures in all areas of 
the bellmouth entrances for maximum reservoir elevation. One 
foot of closure brought most of the pressures to nearly atmospheric 
or above. One area, however, along the right top corner of Bay 7 
about 4 to 5 feet downstream from the nose of the pier, remained 
at nearly 20 feet of water below atmospheric until the gates were 
lowered 4 feet, Figure 36. 

Discharge R a w  

A discharge capacity rating curve for the outlet, with the wall of 
symmetry installed, was obtained from the model. This curve was 
superimposed on the design rating curve, Figure 37. The maxi- 
mum deviation of the curves occurred between discharges of 100,000 , 
and 200,000 cfs, where, for a given discharge, about a 2-foot lower 
reservoir elevation was indicated by the model. The curves were 
coincident at the upper and lower ends. A discharge coefficient 
curve, computed from the discharge rating data, was superimposed 
on the design coefficient curve, Figure 38, and indicated a mzdmum 
deviation from the design curve of about 4 percent. 



Flow in the approach channel was generally smooth for all discharges 
up to 150,000 cfs, Figure 42. Some drawdown occurred at  the out- 
let entrance on the right side of Bay 7 and increased from 1 foot at  
75,000 cis  to about 4 feet at  100,000 cfs. The water surface over the 
entrances started to surge when the discharge reached about 128,000 
cis. The m&mum surge (about 5 feet vertically), occurred at a dis- 
charge of 150,000 cfs. Flow along the wingwall was smooth with 
about a 1- to 2-foot r i s e  in water surface at  the wall. 

The approach flow continued to be fairly smooth as the discharge 
was maintained at  150,000 cfs and the reservoir water surface was 
raised to elevation 900 by adjusting the gates. Some turbulence was 
noted in the approach channel and was caused by the shallow flow 
passing over the right topogmphy and entering the deeper flow in the 
excavated approach channel. Vortices began to develop intermittently 
when the outlet entrances became submerged. When the reservoir 
reached elevation 900, a continuous 20-foot-diameter vortex formed 
in the otherwise smooth approach channel. The vortex located con- 
stantly over the Bay 7 entrance, Figure 42. 

For the uncontroUed discharge of 250,000 cfs at  about reservoir water 
surface elevation 900, the vortex also remained constant but increased 
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Investiqation of the Second Modification to the 
Flood Control Outlet - 

Tests on the fi + modification had indicated that adverse flow and 
pressure condi- ?s could be alleviated by certain basic changes i n  
the configuratiol. f tbe structure. The second modification to the 
flood control outL incorporated these changes. 

For  the second modification, the portions of the buttress dam on 
either sicie of the outlet were replaced by gravity sections. The 
flood control outlet waS still contained in the buttress section near 
the center of the dam, Figure 39. The only change to the buttress 
section contahing the outlet was the addition of a 7.73-foot-high 
vertical wall above the bellmouth entrances, Figure 40. Wingwalls 
extended from both end piers upstream a t  a 45" angle and merged 
into the approach channel sidewalls. The wingwalls and the back- 
fill behind the right wall were terminated at  elevation 864.0, o r  the 
same elevation as the top of the wall over the bellmouth entrances. 

The model, altered to include these changes, is shown in Figure 41. 
The model deviated from the design drawings in one respect; the 
cut adjacent to the upstream face of tne gravity dam was filled with 
gravel. Test  results on the f i rs t  modification had shown that this 
change would improve flow conditions at  all discharges when the 
reservoir was above elevation 875. . 
Approach Channel Flow 



in size to about 25 to 30 feet in diameter at the water surface. A 
swir l  around the vortex extended across the entire approach area 
and created much turbulence. The water surface was smooth at the 
277,000-cfs discharge and was broken only by an occasional small 
vortex, Figure 42. The maxim.um size of the vortex at the sur- 
face was about 8 feet in diameter. 

Outlet Flow 

The flow emerging downstream from the outlet was generally smooth 
for uncontrolled discharges up to 150,000 cfs. Evidence of the 
large vortices began to appear in Bay 7 as the reservoir water sur- 
face rose above elevation 890. The large vortices that formed over 
the entrance of Bay 7 at gate-controlled discharges of 150,000 cfs 
and free flows of 250,000 cfs with reservair water surface eleva- 
tion 900, caused heavy rolling, splashing, and aeration of the flow 
emerging from the outlets, Figure 42. The flow emerging from 
Bay 7 continued to be highly turbulent and aerated for discharges up 
to 277,000 cfs even though the vortex action had subsided. 

The separatim of flow from the roofs of the entrances was not as 
great in this modification. There was no separation in Bay 5 and 
there was no apparent separation in Bay 7 despite the turbulence a?d 
aeration. A small amount of separation occurred in the center of 
Bay 6 at the 277,000-cfs discharge. The separation in Bay 6 disap- 
peared at discharges above 277,000 cfs but considerable turbulence 
still existed in the flow emerging from Bay 7. 

Desiqn Chanqes 

Several attempts were made to eliminate the vortices and improve 
the flow conditions by modifying the entrances. 

Vertical wall above outlet entrance. --The vertical wall over the 
outlet was extended from elevation 864.0 to above the maximum 
reservoir water surface and was terminated at the edge of the but- 
tress outlet section, Figure 43. 

The hig'l wall virtually eliminated the large, constant vortices. 
Flow passing around the right end of the wall, however, created 
some turbulence and eddying. Several curved wingwalls were 
tested to reduce these adverse flow conditions. The most effec- 
tive wingwall extended from the vertical wall on about a 5-foot 
radius to a straight wall which extended at a 45' angle back toward 
the face of the dam. 



produced the 20-foot-diameter vortex with the 7.73-foot-high 
wall. Increasing the height of the vertical wall 5 feet reduced 
the size of the vortex slightly and caused it to occasionally 
disappear. Ten feet of additional wall height reduced the vor- 
tex to about 12 feet in diameter. Fifteen feet of additional 
vertical wall created a smooth surface with a few small whirl- 
pools and occasionally a sporadic vortex with diameter up to 
6 feet, Figure 43. A 20-foot-high addition to the wall height 
made the surface almost smooth with a few whirlpools and very 
little vortex action. Twenty-five feet of additional vertical 
wall was only slightly better than the 20-foot height. 

A similar test was run for 250,000-cfs free discharge. With 
the 7.73-foot-high wall there was a 25- to 30-foot-diameter 
vortex in the center of a large swirl continually covering the 
entire approach area. The addition of 5 feet of vertical wall 
to the initial structure did not improve the flow conditions. 
Ten feet of additional height caused the vortex to become inter- 
mittent, occurring only about 50 percent of the time. A strong 
eddy always was present when no vortex was observed. Fifteen 
feet of additional wall height reduced the vortex action to the 
extent that a vortex about 14 feet in diameter developed occasion- 
ally for a short period of time; eddies and whirlpools occurred 
continually over the outlet. Twenty feet of additional wall height 
further reduced the surface roughness and vortex action. Very 
iniraquently a vortex up to 6 feet in diameter developed for a 
short time. 'ItYenty-five feet of additional wall improved the 
flow conditions slightly. The vertical walls did not materially 
improve the flow at 277,000-cfs discharge. The tests indicated 
that the 15-foot-high wall eliminated most of the turbulence and 
vortices. Higher walls were progressively more effective in 
preventing the turbulence and vortex action. 

Pier extensions at the outlet entrance. --Tests were made with 
two different types of pier extensions in an attempt to improve 
the flow conditions. In the first arranaement the rkrs were 
extended vertically upward to the maxibum rese&oir water 
surface. These extensions were fastened atop the sloped up- 
stream face of the buttressed section of the dam. For the 
second arrangement, the pier noses were extended 16 feet up- 
stream. The tops of these extensions also terminated above 
the maximum reservoir water surface. A third test was made 
combining both arrangements, Figure 44. All of these arrange- 
ments broke up the larger vortices, but created extensive vor- 
tex action in the chambers between the extensions. For a dis- 
chzrge of 150,000 cfs with the reservoir water surface at 
elevation 900, a 5-foot-diameter vortex formed almost contin- 
uously in the chamber over Bay 7; a slightly smaller vortex 
formed continuously over Bay 6. Over Bay 5, the water surface 
was usually smooth, but was broken occasionally by a small 
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There was no evidence of improved flow which would warrant the 
removal of additional topography to the right of the excavated ab- 
proach channel. 

.~ . 

Pressures  in Bellmouth Entrance 

Pressures  in the bellmouth obtlet was aga*:pcorded with the sec- 
ond modification to the outlet. The pieximeter locations were the 
same as  for the first modification &'are shown on Figure 34. 
Although pressures at  all plezometers were read, only the most 
highly subatmospheric a r e  ;$iscussed. The lowest observed pres- 
sure  conditions were found ,in the top' right corner and the center 
of the roof of Bay 7. The pressures were acceptable for discharges 
up to about 250,000 cfs;; at. higher discharges some pressures were 
highly subatmospheric and approached vapor pressure at 277,000 .:. 
cfs, Figure 46. The lowest pressures were located in:the top right 
corner of Bay 7. I ) ,  

A small amount of gate closure improved the subatmospheric pres- 
sures, but about lo-percent closure was necessary to assure above- 
atmospheric pressures at  all piezometers. 

vortex. At a 250,000-cfs free discharge, a vortex filled the 
chamber over Bay 7. The flow in  the chamber over Bay 6 was 
turbulent and was broken by strong eddies, and a vortex formed 
intermittently mcst of the time. The flow over Bay 5'wa.s usually 
smooth. At a discharge of 277,000 cfs, vortices up to about 

- 
5 feet in diameter formed intermittently in Bays 6 and 7, and 
turbulence and intermittent eddying occurred over Bay 5. 

The second arrangement (upstream pier extensions) and the com- 
bination arrangement were both tested with the same discharges. 
The flow conditions were all generally worse with greater turbu- 
lence and stronger vortices than those observed in the f i rs t  test; 
therefore, no further testing was done with pier extensions. 

Revised approach topoqraphx. --In an attempt to improve the flow 
conditions in the outlet, tile topcgraphy to the right of the approach 
channel was arbitrarilv excavated to elevation 864. the same 
elevation as the top of -the approach transition wali and backfill, 
Fign-e 45. At 150,000-cfs discharge with the reservoir water 
swfsce controlled to elevation GO0 and at 250,000-cfs free dis- 
charge, the flow appearance was very similar to that observed 
before the topography was excavated. At the 277,000-cfs dis- 
charge, the water surface in the approach channel was very smooth 
with a very small vortex appearing occasionally. 



Pressures were also recorded with the 15-foot-high vertical wall 
installed over the entrances. The efEect upon 'he pressures by 
this ac'3ition may be seen by comparing Figures 46 and 47. No 
appreciable pressure changes occurred for a 150,000-cfs discharge, 
o r  at  the 2'77,000-cfs disch&-ge. However, 8 to 10 feet lower pres- 
sures were observed with the wali instaJled for discharges between 
about 175,000 and 250,000 cfs. 

None of the pier extensions haS: significant effect on the pressures. 
There was some redistribution of Kqh- and low-pressure areas, 
but no important Merences  were noted. 

The lowered topography caused unfavorable pressure changes. Some 
pressures in Bay 7 were as much as 10 feet lower ar 250,000 cfs. 

All pressure tests indicated that a more gradual bellmouth roof 
shape was needed to prevent severe subatmospheric pressures. 

Discharqe Capacity 

The discharge capacity ra tkg  curve ob'kined for the second modi- 
fication to the outlet design showed an increase in the uncontrolled 
discharge capacity for all reservoir levels above elevation 855. In 
the r e  'on of 150,000-cfs discharge, the reservoir elevation was 
about 8 feet lrwer than that o5tained with th? initial modification, 
and at maximxm discharge the reservoir water surface elevation 
dropped frcm about 917 to about 910, Figure 48. 

The 15-foot-high vertical wall and the pier extensions over the 
entrances had no effect on the discharge capacity. The pier exten- 
sions upstream of the pier noses in conjunction with the extensions 
zbove the roof caused a decrease in the discharge capacity. This 
resulted in a reservoir water surface elevation that was as much as 
1 foot at 150.000 cis, and about 3 feet at 277,000 cfs, higher than 
Wt for the injtial design. 

l'he lower topo aphy had no effect at discharges below 100,000 cfs 
or  above 200,O f?- 0 cfs, but requirad a slightly higher resezvoir eleva- 
tion between these limits. 

A discharge versus,reservoir elevation ratin9 was obtained for gate 
openings of 8, 16, 24 feet, and full open, Figure 49, for the second 
modification of the outlet. All gates were opened equally for this 
test. 

A discharge coefficient curve was plotted, Figure 50, from the 
model discharge rating data. The curves representing the prelim- 
inary design and model data for the first modification were also 
included for the purpose of comparison. The increased capacity of 
the second modification is evident from this curve- The coefficient 



of discharge (Cd) is defined as Cd = A where A = area  of ASH 
the passage at  the gate and H = head on the centerline of the gate 
opening. 

The discharge coefficients for the second modification were as 
much as 4.9 percent higher than the design coefficient for the 
f i rs t  modification. 

Investiqation of the Third Modification to 
Flood Control Outlet (Recommended) 

The third modification to the flood control outlet and that which was 
ultimately adopted was substantially different from the previous 
outlet designs. T i e  outlet was contained in a gravity dam section, 
Figures 51 and 52, which provided a vertical wall over the entrances 
instead of the sloping wall of the buttress dam used in previous ar- 
rangements; curved wingwalls were located on either side of the 
outlet entrances. An eighth bay was added and the bay width was 
reduced from 20 feet to 17 feet 7 inches. The outlet chute width was 
increased from 150 feet to 178 feet 8 inches. The chute alinement 
and invert slope were unchanged. The approach channel was widened 
to 178 feet 8 inches at the outlets and the sides flared 5 O  in an up- 
stream direction. The bellmouth roof shape was made more gradual 
by changing the ratio of the axes of the elliptical - curve from 1.9:l 

xz 2 to 3:l. The equation of the new curve was --7; + 5 = 1, along the 
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direction of flow. The dividing piers and thetop &al radial gates 
(except for width) were not changed. 

The flow in the approach channel and through the outlet was generally 
smooth. The turbulence, roughness, and vortices were very small 
and of minor importance. The approach flow for uncontrolled dis- 
charges up to about 100,000 cfs was extremely smooth, with no draw- 
down at  the piers, Figure 54. Some turbulence was created by flow 
over the right side of the approach channel about 350 feet upstream 

Portions of the 1:48 scale sectional model were reconstructed to 
represent the gravity dam outlet design, Figure 53. Four bays of 
the outlet section were built and included the new bellmouth shape 
ar~d narrower bay width. The curved entrance wall on the right 
side and the diverging approach channel sidewall were added. The 
wall of s y m m ~ t r y  was moved to the left to accommodate the four 
bays represented in the model, and four new radial gates were con- 
structed. Piezometers were installed in the piers and roof of the 
outlet bays, in locations similar to those in the previous model. 

Flow in Approach Channel m d  Outlet 



from the vertical face of the dam for a discharge of 100,000 cfs; 
this turbulence was almost entirely smoothed out before ihe flow 
reacced the outlet entrance. A ridge in  the flow surface in the 
center of the bays was formed by the flow asound the blunt pier 
noses. This ridge touched the roofs of Bays 6 and 7, nearly 
touched the roof of Bay 5, and cleared the roof of Bay 8 by 4 to 6 
feet. 

Smooth flow conditions were also noted for 125,000-cfs discharge, 
Figure 54. The right half of Bay 8 was just submerged due to a 
slight drawdown in the flow around the curved approach wall, while 
the water surface along the remainder of the outlets fully sub- 
merged the opefi-gs. There v ~ a s  a gentle oscillation of the water 
surfzzce close to the outlet. 

The approach flow for 150,000 cis was also very smooth, Figure 55. 
The roughness created by si&e flow over the right topography had 
moved downstream about 50 feet but was smoothed out before reach- 
ing the piers. Some turbulence was noted in the water surface and 
was caused by the flow around the curved approach wall. The 
roughened water surface near the outlet oscillated vertically absut 
2 feet except over Bay 8 where it fluctuated about 4 feet. There 
was also an 8- to 10-foot horizontal oscillation of the roughened 
surface in front of the dam. A vortex-like s w i r l  and about 4 feet 
of drawdown in the water surface formed a t  the right corner of Bay8. 
The flow through and emerging from the bays was smooth. The 
i10w surface cleared the gate trunnion by about 8 feet.. 

The approach flow was very smooth at 277,000-cfs discharge, Fig- 
ure  56. An occasional small vortex formed; the largest vortex was 
about 8 feet in diameter. Flow through and emerging from the 
bays w a s  generally smooth; however, some aerated water appeared 
intermittently downstream from the roof in Bay 8. There was about 
4 feet of clearance between the maximum water surface and the gate 
trunnion. 

Amroach Channel Erosion 

To determine the erosive tendencies upstream from the outlet struc- 
ture, the approach channel invert was formed in 3/4-inch gravel, 
to represent 3-foot-diameter prototype riprap, Figure 57. There 
was very ?Mle apparent r iprap movement for discharges up to 
250,000 cis; a t  277, CIOO-cfs riprap was removed frcm an area  extend- 
ing about 5 feet upstream from Bay 5 to about 50 feet upstream dong 
the right side of the channel; riprap was removed to an average depth 
of 4 to 7 feet, and the deepest a rea  was in front of Bay 8, Figure 5'7. 

Outlet Pressures  



located in the roof along tht  sides and centerlines of Bays 6 and 8. 
These locations were siilar to those of previous tests to obtain 
comparative data, and were chosen so that-the data could be com- 
pared with U. S. Corps sf %yineers ' tests of similar bellmouth 
shapes. I /  
Piezometers 46 and 47 w e x  added to measure pressures at the 
stoplog slot; Piezometers 48 and 49 recorded pressures at the 
leading edge of the outlet floor; and Piezometers 50 and 51 were 
added to measure pressures at the pier nose below the bellmouth 
roof. Piezometers 8a, 17a, 26a, and 35a also were aa2ed later 
to cover additional areas of the bellmouth. 

Pressures were plotted for the 277,000-cfs discharge, Figure 59. 
Generally, the pressures were higher than they had been for the 
previous bellmouth shape. Pressures were considered to be 
within an acceptable Limit if they did not exceed 20 feet of water 
below atmospheric for extreme operating conditions. Pressures 
in a limited area along the roof of Bay 8 from about 3 to 4 feet 
downstream from the pier nose exceeded this limit at the 277,000- 
cfs discharge. These pressures were recorded at Piezometers 
25, 26, and 35 and ranged from 20 to 32 feet of water below at- 
mospheric. Tests were made to determine what operating condi- 
tions might bring these pressures up to an acceptable level. 

One test was run to determine the maximum free-flow discharge 
which could be passed without creating highly subatmospheric 
pressures. The lowest pressure recorded for 234,000-cfs free 
discharge was 10.2 feet of water below atmospheric (at Piezom- 
eter 261, Figure 60. This discharge, which occurred at reservoir 
water surface elevation 891, was considered the highest uncontrolled 
discharge which would assure acceptable pressures in the outlet. 

4- second test was run tc determine the minimum amount of gate 
closure required to raise the pressures to an acceptable level. 
Tests were run with all gates equally lowered 3 and 9 laches from 
the fully open position, while the reservoir water surface was 
held at elevation 907, Figure 60. A 268,000-cfs discharge could be 
passed with the gate l~wered  3 inches at this reservoir elevation. 
Although the 3-inch closure raised the pressures considerably, pres- 
sures equivalent to about 20 feet of water below atmospheric were 
still recorded at Piezometers 25 and 26. 

About 254,000-cfs was passed with the gates lowered 9 inches. This 
amount of closure raised pressures at most of the piezometers to 
atmospheric or above. The lowest pressure recorded at Piezom- 
eter 26, was 12 feet of water below atmospheric, Assuming a straight 
line relationship for gate closure versus pressure at Piezometer 26, 
acceptable pressures would be obtained at about 4.3 inches of gate 



closure. At this opening a discharge of about 265,000 cfs could be 
passed at reservoir water surface elevation 907. 

These rests indicated thai%?e pressures would be satisfactory for 
uncontrolled discharges up to 150,000 cfs, for gate-controlled 
discharge of 150,000 cfs with the reservoir water smface between 
elevations 864 and 900, and for gate-controlled discharges from 
150, 000 to 234,000 cfs at reservoir water surface elevation 900. A 
minixiurn of mout 4 inches of gate closu.re would be r equ rea  for 
releases between 234,000 to 265,000 cfs which could be passed with 
the reservoir a t  elevation 907. Thus, t2ie outlet would be subjected 
to highly subatmaspheric pressures cnly i n  extreme operating con- 
ditions and then probably for skxt periods of time. 

Cornparism to Corps of Enqineers' data. --Pressure data obtained 
From the Oroville model was compared with similar data obtained 
in model tests performed by t h ~  Corps of Engineers.7J Pressure 
profiles obtained from the Oroville model were superimposed on 
published Corps' data for a similarly shaped bellmouth entrance, 
Figure 61. The Corps' model entrance was flared on the top only, 
the invert and sides were straight walls extending sufficiently far  
upstream to avoid contraction effects at the bellmouth. This 
arrangement would simulate operation of adjacent bays of a multiple 
bay structure having little o r  no flare on the sides. The Oroville 
outlet entrances were flanked by piers with rounded noses, a con- 
figuration similar to the Corps' arrangement. A very close com- 
parison of results was found as shown on Figure 61. A large pres- 
sure  drop was noted for both models near the leading edge of the 
bellmouth. 

The Corps' data have indicated that pressures would be higher if 
the bellmouth entrance was flared in three directions. However, 
the Oroville piers were sufficiently flat to simulate an entrance 
flared on top only. With this type of entrance restriction, it' would 
be necessary to use the next flatter curve (Type D) to ra ise  all 
pressures to a safe level at the extreme operating conditions. Ac- 
cording to the Corps' data an ellipse with the equation 

X' y2 1 would also produce adquafely high pressures. 
3 + ( D / 2 , 2 =  
These stmpes, however, would require longer outlets and would 
result in bigher prototype construction costs. 

~ r e s s & e s  for Bav 6 only operating. --Piezomet6rs will be installed 
-y' 6 of the ,prototype outlet structure. Prototype pressures 
will d e  measured with one bay operating a t  several representative 
co~.'ditions and compared with the model data. Pressures  for these 
representative conditions were obtained in the model with Bay 6 ', 

o d y  operating, Figure 62. These pressures will become signifi- 
can t  only when they can be compared with data obtained from the 



D j a m i c  pressures. --Six piezometers which had indicated the 
lowest subatmospheric pressures were also tested for dynamic 
pressure response, Figure 63. Tne pressure measuring system 
consisted of a short length (about 2 to 3 feet) of rigid plastic tube 
between the piezometer and the pressure transducer. Unbonded 
strain- age type differential pressure transducers were used which 
had a 2 8 -millivolt - output at 5 volts inptit with a 2,400-cps carrier 
frequency. The transducers had a natural frequency of about 
4,030 c s. The transducer si s were fed to a carrier pream- 
plifier p 100 micrzwolt to 1 volt, i"" which in turn was connected to a 
power amplifier and direct writing recorder. The pressure aver- 
ages were obtained from visual measurements. Data from the 
traces for three representative discharge conditions are summar- 
ized in Figure 64. Pressures were also recorded for other dis- 
charge conditions but were not significantly a e r e n t  than the water 
manometer pressures. The average values compared well with 
pressures obtained by water manometers. The frequ 
oscillations were all quite low and indicate that there 
vibration problems. 

Center pier pressure test. --The left boundary of the sectional 
model was the centezlineof the center pier. This axrangemen 
left no means of testinq the effect that a wider center oier mi 
have on the bellmouth pressures. Therefore, the rigfit side 6f 
Pier 7 was widened from 5 to 8 feet to rerjresent the center oier. . , 
The resulting pressures are shown in ~ i & e  65. pressures are I .i 

>! 
~ < shown for a discharge of 277,000 cfs with the widened pier and , ,  

' ,, with the normal pier. The wider pier raised the pressure at most , . 

piezometers. 

Discharqe Rating 

A discharge capacity curve was prepared for the third modified 
outlets and has been superimposed on the previous discharge rating 
curves, Figure 66. The curve shows an increased capacity at a l l  
reservoir elevations, and the greatest increase occurred at the 
higher elevations. The 277,000-cfs discharge was attained at res- 
ervoir elevation 908, about 9 feet lower than the design computations 
for the second modified outlet and about 2.5 feet lower ihan the 
model data for the second outlet, Figure 66. The discharge capac- 
ity of eight bays for free and controlled discharge at equal gate 
openings in 4-fcot increments is shown on Figure 67. 

A new discharge coefficient curve, derived from the above data, 
was also superimposed onto the previous curves for comparison, 
Figure 68. The coefficient, at the 277,000-cfs discharge, at 
reservoir water surface elevation 908, wa ?,bout 5.5 percent 
higher than the design coefficient for the previous bellmouth and 
about 3 percent higher than the previous model coefficient. 





PART DI--l:78 MODEL STUDIES OF THE 
FLOODCONTROLOUTLETSTRUCTURE 

The tests  on the 1:48 scale sectional model showed that certain 
modifications were necessary to provide smooth flow, minimize 
vortzx formation, a d  develop satisfactory pressures in the out- 
lets. After these modifications were determined on the sectional 
model, the complete flood control outlet structure, including the 
outlets, the approach area, the concrete-lined chute, and a length 
of the Feather River was reproduced and tested in a 1:78 scale 
model. 

, The 1: 78 Scale Model 

The 1:78 scale model contained all eighr outlet bays. The outlet bays, 
piers, radial gates, gravity wall, and approach wingwdlis were the 
same as those tested in the 1:48 scale sectional model, Figure 69. 
Four piezometers were installed in the bellmouth roof of Bay 8 to ob- 
tain pressure data for comparison with those measured in the 1:48 
sectional model. The 1:78 scale model also contained a 1, 300- by 
2,000-foot a rea  of the reservoir and approach channel, the 178-foot 
8-inch-wide by 3,340-foot-long outlet chute, and about 2, 500 feet of 
the Feather River, Figure 70. The same methods of construction and 
flow measurement that were used in the previous models were also 
used in this model. 

The model was built to the dimensions of one of the early spillway 
schemes which called for a chute width of 170 feet. The outlet chute 
eventually adopted required a 178.67-foot width. Therefore, from 
approximately Station13+00 to Station 23+00 (the P C  of the vertical 
curve), the chute converged f rom a width of 178.67 to 170 feet. From 
Station 23+00 to the downstream end of the model chute, the width was 
constant at  170 feet. Most of the testing was done with this chute ar- 
rangement. Late in the studies the chute was rebuilt and the tests on 
the recommended structure were made wi t1  the chute width correctly 
represented. 

The Investiqation 

The flow in the approach channel was generally very smooth and rela- ' 
tively uniform and entered the outlet with minimum disturbance as had 
been indiczted in the 1:48 sectional model, Figure 71. The miform 
velocity distribution of the flow entering the structure was well demon- 
strated by dirt deposits on the surfaces of the entrance, Figure 72. A 
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large, nearly constant vortex about 20 feet in diameter formed over 
Bays 1 and 2 at 277,000-cis discharge, Figure 73. The vortex action 
lessened a s  the discharge was reduced by lowering the radial gates with 
the reservoir water surface held at  elevation 907. The vortex formed 
intermittently and was about 4 to 6 feet in diameter at 150,000-cfs dis- 
charge, with reservoir elevation 907. The vortex did not draw air down 
through the outlet at  any discharge. 

Approach wall heiqht. --The tops of the approach walls on either side of 
the entrances were at elevation 875. The vortex action seemed to be 
generated by flow across the left approach wall, transverse to the main 
direction of flow. To prevent o r  reduce the transverse flow, the left 
approach wall was raised to elevation 907. This additional wall height 
greatly reduced the vortices which formed near the maximum discharge 
of 277,000 cfs. A vortex still persisted intermittently and occasionally 
reached a diameter of 10 feet at the water surface. The hi her approach fl wall  made little difference in the vortex action for  the 150, OO-cfs gate- 
controlled discharge. Although the flow approaching the right half of the 
outlet bays was smooth, the right approach wa31 was also raised to eleva- 
tion 907 to provide a symmetrical structure. The higher right wall caused 
the flow to become turbulent and generally unsatisfactory; there was a s  
much a s  10 feet of drawdown along the right approach wall, Figure 74. 
The lower wall on the right side was more satisfactory for all flows. 

The best flow condition was obtained with the le f t  approach wall extended 
to elevation 907 and with the right wall terminated at elevation 875. How- 
ever, it was decided that there was not sufficient flow improvements to 
warrant raising either approach wall above elevation 875 feet. 

Flow velocitv in a ~ ~ r o a c h  channel. --Because i t  was planned to place a 
10s boom across t k  aoorozch channel 500 feet uDstream from the outlet. 
~ i b r e  75; flow velociii me:isi;rernents were obtgined in this a rea  to a s k  
in the design sf the boom. The velocities were measured for uncontrolled 
discharges of 75,000, 150,000, and 277,000 cfs. Velocity traverses 
were obtained at 0.6 flow depth and the average of 0.2 and 0.8 depths for 
150, 000 cis and at 0.6 depth for 75,000 cfs, Figure 76. The 150,000-cfs 
traverse at 0.6 depth was extended into the a rea  to the right of the ap- 
proach channel, Figure 77. The flow in this a rea  was  in the form of a 
large eddy which formed h a natural depression of the topography. Al- 
though the Eow pattern was similar. bring the 75,000-cfs discharge, the 
velocities were less  than 1 fps and were not recorded. 

The mzvimum flaw velocity for 150,000-cfs discharge ranged between 7.4 
and 8 . 1  fps in the main portion of the approa.ch channel. For  75,000 cfs, 
the velocities varied from about 6.5 fps to a maximum of 7.7 fps. Thus, 
the maximum variation in flow velocity in the dhannel was about 1 fps. 
Vertical velocity profiles were obtained for 75,000, 150,000, and 277,000 
cfs at Station 7+00 on the a2pro~ch  channel centerline and 78 feet either 
side of the centerline, Figure 78. 



Bellmouth pressures. --Four piezometers were installed in the roof 
of Bay 8 in 'he 1:78 scale model. Piezometers 1, 2, 3, and 4 were 
located in the same relative positions along the centerline and left 
edge of the roof of Bay 8 as Piezometers 35, 34, 26, and 25, respec- 
tively, in the 1:48 scale sectional model, Figure 58. Pressures were 
recorded for discharges of 150,000, 200,000, 250,000, and 277,000 
cfs on the 1:78 scale model and compared to  similar measurements 
from the 1:48 scale sectional model, Figure 79. The observed pres- 
sures  were generally lower in the 1:78 scale model; some of the dif- 
ferences can probably be attributed to the slightly different approach 
flow conditions. 

Discharqe capacitv. --The discharge capacity of the outlet for uncon- 
trolled flows was checked on the 1:78 scale model. The checked points 
compared very closely with corresponding points on the discharge 
curve prepared from the 1:48 scale sectiond model, Figure 67. The 
maximum difference between the two ratings was l ess  than 1.4 percent. 

Outlet Chute 

The flow in the chute domstrearn from the outlet was relatively smooth. 
At all discharges, a diamond-shaped pattern in the flow surface formed 
in the upstream portion of the chute and resulted from the flow merging 
at the ends of the piers, Figure 80. With a discharge of 277,000 cfs, 
the flow overtopped the sidewalls from the end of the outlet tg the P C  of 
the vertical curve. The most severe overtopping occurred immediately 
downstream from the outlet, Figure 81a. The sidewalls were temporarily 
raised and water surface profiles for 150,000- and 277,000-cfs discharges 
showed tFat as much a s  6.5 feet 3110Uld be added to the sidewall height near 
the upstream end of the chute. 

The chute sidewall width and heights were modified to correspond to the 
latest design specifications and water surface profiles were recorded 
for discharges of 150, OCO and 277,000, and plotted in Figure 82. The 
water surface in the chute fluctuated about 1 foot, and the highest point 
of the fluctuation was plotted. Profiles were measured along both walls; .,- 
however, only the higher measured profile was plotted. The difference 
in water surface elevation along the two w a s  w a s  usually l e s s  than 
2 feet. The specification w a l l s  were overtopped for a distance of 300 
feet downstream from the PT of the vertical curve at  the 277,000-cfs 
discharge, Figures 8lb and c. These tests  showed that the walls should 
be raised about 2 feet in this section of the chute. 

Operation of various combinations of adjacent pairs of gates fully open 
v.ere tested with the reservoir elevation at  900. The flow did not over- 
top the sidewalls and was equally distributed across  the chute down- 
stream from the vertical curve. 
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The measured flow depths were greater than the theoretical depths 
obtained by the energy equation (5ernoulli1s theorem), because the 
model flow surfaces were relatively rougher than the surfaces in 
the prototype structure. Usually, this difference in relative rough- 
ness is accounted for in the model by foreshortening the length o r  
increasing the slope of the chute. In this model, however, the geom- 
etry of the structure, and the importance of having the correct angle 
between the chute and the river channel, precluded this method of 
adjustment. 

The model data were considered conservative since the flow depths 
were greater than the computed depths. However, the model did not 
indicate the extent of bulking due to a i r  entrainment in the prototype. 
Usually 3 to 5 feet a r e  added to the measmed node1 or  computed 
depths to allow for bulking due to a i r  entrainment. 

Chute Flow Enerqv Dissipation 

The drop in elevation from the invert of the outlet to the Feather River 
is about 640 feet. The outlet flows will attain a velocity of about 155 
feet per second at the downstream end of the chute; thus, the energy 
in the flow entering the Feather River is equivalent to about 20 million 
horsepower for the maxim-am discharge of 277,000 cfs. Considerable 
testing of many devices and configurations was done before an effec- 
tive method was devised to contain this energy. Because of the tre- 
mendous amount of energy to be dissipated, the study was mainly con- 
fined to providing good energy dissipation for discharges up to 150,000 
cfs and acceptable flow conditions in the r iver  channel for  discharges 
between 150,000 and 277,000 cfs. However, the butlet flow will not 
exceed 150,000 cfs until the flood inflow reaches 440,000 cis, which 
is an extremely r a r e  occurrence. 

For purposes of the model study the tailwater elevation in the Feather 
- 

River zt the outlet chute was maintained at  elevation 225 for discharges 
up to 100,000 cfs because of contra1 by the Thermalito Diversion Dam. 
The natural Feather River channel w i l l  control the tailwater elevation 
for discharges above 100, 000 cfs. The Oroville Powerplant will cease 
operation when the spjllway discharge reaches 150,000 cfs and a corres- 
ponding tailwater elevation of 228. Other discharges and tailwater ele- 
vations that were used in the tests to develop an energy dissipater were 
200,000 cfs and tailwater elevation 237; 250,000 cfs with tailwater ele- 
vation 243; 277,000 cfs with tailwater elevation 275; and 292, 000 cfs 
with tailwater elevation 280. The model tailwater elevation was con- 
trolled at  a point 1,400 feet downstream from the spillway chute center- 
line. Tailwater elevations were also measured at  a point 900 feet up- 
stream from the chute centerline to determine the upstream tailwater 
conditions when the outlet was operating. 



Initial desiqn. --Initially the spillway chute terminated at  the Feather 
River with a long-radius curve leading to a horizontal flip bucket, 
Figure 83. Flow from this arrangement landed in the river causing 
considerable turbulence, crossed the r iver and traveled up the f a r  
bank, Figure 84. The flow reached elevation 450 on the 1t.Y river- , 
bank with a discharge of 277, 000 cfs, elevation 325 with 150,000 cfs, 
and elevation 250 with 50,000 cfs. Although a hill that reached ele- 
vation 280 was between the r iver and a railroad bed at about eleva- 
tion 26G on the left bank, the railroad was still inundated by discharges 
greater than 125,000 cfs. There was no stilling action at the point of 
jet impact because the trajectory of the high-velocity jet was nearly 
horizontal. 

Jump-type basin. --For the f i rs t  chute modification, the horizontal 
flip bucket was removed and the chute extended on a 0.24995 slope 
down to Station 47+30, near the right riverbank. This entailed a 
considerable amount of excavation and created, in effect, a short 
hydraulic jump basin wiLh a sloping invert. 

The stilling action was much more effective and the flow croszing the 
r iver rose to elevation 325 with the 277, 000-cfs discharge, o r  150 feet 
lower than with the initial arrangement, Figures 85a and b. With the 
150,000-cfs discharge, the flow climbed to elevation 280, o r  45 feet 
lov~er  than previously. 

Left riverbank excavation. --It appeared that the stilling action would 
be further improved if an a rea  were excavated along the left river- 
bank opposite-the chute to provide a longer stilling pool. About 30,000 
cubic vards of material was exzavated from the left riverbank ow~osite 
the s<glway chute. This cut extended about 100 feet into the bar%, was 
about 200 feet wide, and ended in a vertical wall. The bottom of the cut 
was maintained at the same elevation as the river bottom (about 175). 

The flow did not climb up the left bank a s  far but it struck the vertical 
face of the cut in the left bank and surged about 100 feet vertically up- 
ward with the 277,000-cfs discharge, Figure 85c. The flow at 150, C30 
cfs was  much less  violent, Figure 85d, but the flow still rose about 50 
feet vertically at the rock wall. A force of this magnitude against a wai l  
of natural rock was undesirable. 

There was sound rock on the left riverbank, and the outcropos had a 
general strike direction parallel to the river and a dip of 75 toward 
the river. The solid rock extended up to the railroad bed, above which 
the rock was broken and unstable. The cut in the left bank w a s  extended 
an additional 200 feet toward the railroad to take advantage of this sound 
rock. The end of the cut was excavated at a 75" slope extending fro= 
the railroad bed at elevation 275 down to the riverbed. This excavation 
extended 90 feet upstream and 170 feet downstream from the chute center- 
line, Figure 86a. For  150,000 cis, most of the energy was dissipated wher, 



the flow reached the 75°sloping wall at the end of the excavation, 
Figure 86b. ' However, there was considerabk turbulence,and-high-. 
surges at  the end of the excavation for 277, %do-cfs discharge, which : 

was an indication of excessive destructive forces ip-pacting nn the 
rock face, Figure 8Ei .  

,* . , 
Comput8tions f o r k  hydrzulic j umpy  showed that a stilling 
90feet  deep and 560 feet long would. be required fo r  the 150,000-cfs 
discharge. The flow depth from the bottom of the excavation to  the . . 

normal tailwater a t  this discharge was 53 feet; the effective length 
of the excavation in the last test was  590 feet; thus, a basin simulated 
by the excavation on both banks of the r iver would have a proper length 
but insufficient depth. Similar comwtations showed that a basin 126 
feet deep and 770 feet long would be required for  the 277,000-cfs dis- 
charge. Neither this depth nor length 31 basin could be obtained eco- 
nomically in the prototype; therefore, the concept of providing an exca- 
vation sufficiently large to act a s  a hydraulic jump stilling basin was 
abandoned. 

An attempt was made to turn the flow downstrear by means of a curved 
wall along the left bank, Figure 87. This plan w a s  abandoned when i t  
became apparent that a huge wal l  about 80 feet high and 300 feet long was 
insufficient to properly turn the flow. 

Riqht riverbank excavation. --The concept of developing a plunge p o l  
for energy dissipation was pursued further by enlarging the excavation 
in the riqht riverbank. The chute invert startinq at  Station 44+60 was 
shaped a&cording to the trajectory of a jet traveiing at 155 feet per 
second, which was the velocity of flow for  150,000 cfs. The trajectory 
terminated at elevatio- 140 and Station 47+65, and a 35-foot,vertical 
sill across the excavation at Station 48+20 formed the end of the bzsin. 
The basin floor was raised in increments of 10 feet from elevation 140 
to elevation 170, Figure 88a. The left bank was not excavated. The 
d'aerence between elevation 140 and tailwater elevation 228 represented 
.the conjugate depth required for a hydraulic jump stilling basin for a 
150,000-cfs discharge. This basin with an average width of 260 feet 
would require about 270,000 cubic yards of excavation. 

Completely satisfactory flow conditions were not obtained with this 
arrangement. The flow followed the floor of the channel, hit the ver- 
tical sill, and caused a large surging boa which in turn produced large 
waves. The boil rose about 100 feet above the water surface for a 
150,000-cfs discharge, Figure 88b. The high-velocity flow was inter- 
cepted by the sill and the resulting wave action caused the water surface 
to r ise  up the left riverbank. 



elevation 160 feet, the surges rode up the left bank to elevation 265. 
With the entire basin floor at elevation 175 (no sill), the water sur- 
face at  the left bank rose to elevation 275 feet and occasionally surged 
about 10 feet higher, Figure E8c. 

With the 277, 000-cfs discharge, the sill effectively intercepted the 
flow, but the high boil over the sill indicated large impact forces 
against the vertical face. It was possible that these forces woula be 
sufficient to destroy the prototype sili since the excavation would be 
unlined and rock faults had been noted in this area; without the sills 
there would be very little energy dissipation. It was also considered 
too costly to excavate to depths below elevation 175 due to the nec- 
essity of protecting the excavation from the backwater of Thermalito 
DiversionDam. Thoughthis arrangementfor energy dissipation showed 
promise, the plan was abandoned because of the expense involved. 

The 10- anc! 20-foot-high sills were tested with the basin floor a t  ele- 
vation 175. Both were nearly as efficient as the sills with the deeper 
basin. T ' e  20-foot-high sill in particular provided excellent flow con- 
ditions; surges only rose to elevation 260 on the left bank. These sills, 
too, would be susceptible to damage by high discharges, and therefore, 
it was decided to develop a plunge pool o r  basin that would contain the 
high-velocity flows without the use of a sill. 

m u e - t v ~ e  basin. --To obtain a pool large enough for adequate energy 
dissipation without sills, a larger excavation was made in the right bank. 
The concrete-lined chute was terminated at Station 44+60; starting 10 feet 
vertically below the chute, the basin was excavated on a 1: 1 slope which 
intersected the basin floor at elevation 175. With this arrangement, the 
flow from the chute plunged into the basin which was large enough to 
allow a pool to form beneath the jet. The water surface of the pool under 
the jet was at  elevation 195 for 150,000-cfs discharge o r  33 feet below 
the river tailwater elevation. The jet plunged into the pool causing tur- 
bulence and splashing, and crossed the river climbing to elevation 275 
on the left bank. 

A 10-foot-high vertical sill placed across the basin at Station 47i-55 
caused a very high boil with considerable splashing and spray at the 
150,000-cfs discharge. When the sill was moved out to Station 47+95, 
the boil was reduced and there was less  splashing and spray. 

Higher vertical sills were tested as a single r i se  and as r i ses  in stepped 
10-foot increments. There was very little difference in the flow where 
the accumulated sill heights were equal. 

This basin arrangement was also tested with the left bank excavated 51 
a ser ies  of 10-foot vertical steps from the river bottom (elevation 175) 
to above the maximum elevation to  where surges occurred (approximately 
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elevation 300). The stepped riverbank did not reduce the height to 
which ;he flow climbed the left bank. 

Fli buckets. --Early in the energy dissipation studies, a flip bucket 
&across the full width of the chute at Station 42+40. (Stations 
refer to the downstream end of flig buckets. ) The bucket angle was 
acijusted and tested from 30° to 50 above the invert, and Lle best flip 
anale was found to be 40°. This tvpe of flip bucket did not provide satis- 
fa6tory energy dissipation. The flow was very concentrated at impact, 
and could not be efficientlv stilled bv the shdlow w o l  in the river. The 
water climbed the left barik to about"e1evation 260'at 150,000 cfs, and to 
about elevation 360 for 277,000 cfs, Figures 89a and b. 

It seemed that more effective use could be made of the excavated a rea  
at the end of the chute if the spillway jet were made to land at a steep 
angle further out near the river. This could be accomplished by means 
of a flip bucket that would lift the flow above horizonta?. and direct i t  
toward the middle of the excavated plunge pool area. The flip bucket 
studies were resumed to develop this means of energy dissipation. 
These studies were made with the 150,000-cfs discharge and tailwater 
elevation 228. 

Three 30-foot-wide flip bucket sections were equally spaced across the 
chute at Station 42+40 wlth a space adjacent to the sidewalls. The flip 
buckets were adjustable s o  that the vertical angle could be changed and 
the bucket l ip could be rotated to provide a slope either toward or away 
from the chute centerline. This arrangement divided the flow such that 
50 percent was lifted so that it was spread longitudinally and impinged 
at different angles, and the remaining flow followed tile chute slope. 
The f l ~ w  was well Cispersed with some spray. The best bucket angle 
was 40" upward and 15" laterally from the centerline as evidenced by 
adequate spreading and good distribution of the flow in the area of jet 
impact. The surg-kg up the left riverbank reached elevation 270. A 
bucket lift angle of 25' concentrated the jet and increased the surging 
up the left bank. The same arraqgement was tested with the buckets 
at Station 44+60. This location was too far  down the chute and the jet 
stmck the left riverbank with considerable force. 

Different flip bucket widths and different angles of lift and lip rotation 
were tested at several locations on the chute, but the best flow condi- 
tions were ob:ained with the first  arrangement described. A wedge- 
shaped solid siLl shaped similar to a plow was tested at Stations 42140 
and 44+60, Figure 90a. Lift angles of 30" and 45" were tested. Either 
sill proauced good lateral dispersion but poor longitudinal distribution, 
causing the surge up the left riverbank to reach elevation 290 to 310. 
A 20-foot-wide slot was cut on either side of the centerline to allow some 



flow to  pass down the chute to increase the 1ongitudhsdJ Cistribution, 
Figure 90b. Flow conditions were not substantially improved. 

These tests  indicated that better flow dispersion in both lateral and 
longitudinal directions would be obtained if the flow were deflected 
with a number of smaller deflectors rather than a deflector that ex- 
tended across the chute. 

Chute blacks. --Three sizes of wedge-shawd blocks were tested with 
various arrangements on ths chute. A block 44 feet long by 23 feet 
high by 10 feet wide provided the best deflection of the jet; the best 
configuration for dispersion was five blocks equally spaced at Sta- 
tion 44+60 and four blocks alternately spaced at Station 431-50, Fig- 
ure  8%. This arrangement produced a well-dispersed jet which 
greatly improved the flow in the basin over any previous arrange- 
ment. The maximum water surface at the left bank was at eleva- 
tion 260. This arrangement w a s  also tested with a 26-foot-high sill 
placed across the plunge pool invert a t  Station 48+50. With the sill 
in place, the water surface a t  the left bank rose only to elevation 240, 
Figure 89c. 

The four blocks, with the 15" flared si am row, seemed 
second row were 

tuation between elevation 240 to elevation 260. 

The:top corner of the block that was turned into the flow caused +he 
flow sheet to separate, which added to the flow concentration.. Charn- 
fer ing this corner eliminated the separation, resulting in a more o r  l ess  
continuous sheet of flow leaving the block. The flow conditions in the 
basin were not chanyed by pis modification. 
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blocks at Station 43+50 of the previous arrangement were replaced 
with these new blocks, Figure 90c. The blocks improved ths flow 
dispersion and reduced the turbulence in the basin. The water sur-  
face at the left bank fluctuated between eleveion 240 and 245. Four 
of these blocks placed at Station 43+50 turned the flow effectively but 
caused four high fins to  form that concentrated the flow and caused 
excessi-~e turbulence in the basin. 

Six wedge-shaped blocks 44 feet long and 25 feet high and 6 feet wide 
were symmetrically spated at Station 431-50 on the chute; the blocks 
were turned outward 23O from the centerline. This arrangement pro- 
duced excellent flow conditions in the basin. The water surface rose 
to elevation 240 at the left bank. These blocks, however, were too 
thin to be structurally sound enough to resist  the forces of the high- 
velocity flow. 

Several other ;~rrangements and sizes of blocks (such as the "Pyramid" 
blocks, Figure 90d) were tested, but none showed any promise of pro- 
viding better flow conditions than were obtained with the wedge-shaped 
blocks. 

Chute end sill. --A solid end sill was placed on the chute that made the 
Boor horizontal from Station 44s20 to 441-60. On tor, of the sill five 
13-foot-high by 40-foot-long wedge-shaped blocks &re evenly spaced 
with spaces at. the sidewalls. This arransement created extremelv Door 
flow conditions in the basin, and surges rbse up the left bank to eleva- 
tion 300. With 16- by 40-foot blocks on the sill, the flow was still  too 
turbulent; the surges on the left riverbank rose to elevation 275 and 
constantly submerged the railroad bed. A row of five 23- by 44-foot 
blocks were added at  Station 431-50, but poor flow conditions still per- 
sisted. Flow rose up the left bank to elevation 270 with surges to ele- 
vation 280. Twenty-three- by forty-four-foot blocks in both locations 
improved the flow appearance in the basin. The water surface at  the 
left bank was at elevation 260 with surges to elevation 265. Consider- 
able s9lashing and spray originated at  the blocks. 

A third row of five 23- hy 44-foot blocks was added to the chute at  Sta- 
tion 42+40. The flow in 'he basin was more turbulent and the left bank 
surges rose to elevation 270. 

The end sill was removed, leaving only the upper two rows of blocks. 
The flow was still poor; the impact point of the jet shifted upstream 
and increased the turbulence in the basin and the downstream flow ve- 
locity in the river; surges reached elevation 275 on L5.e left bank. 



Subsequent tests  showed that a 5-foot-long, 1-1/2-foot-.high end sill 
xould deflect the flow at the end of the chute so that it would land out 
in th? basin away from the end of the structure, and it was  used in 
the r comnendsd  design. 

Basin size tests. --Four o r  more wedge-shaped blocks placed on the 
chute at an angle to the flow had given the best Bow dispersion and 
energy dissipation; therefore, it was decided to further refine the 
block shape and basin size for the recommended design. 

The excavated basin that was used in the chute block and end sill tests 
w a s  about 260 feet wide at invert elevation 175 and had 1:l side slopes 
and a 1:l invert slope between the end of the chute and the basin floor. 
The uasin daylighted at the Feather River, about 600 feet downstream 
from the end of the chute. 

To determine the minimum basin size thak could be used with the blocks, 
the basin width was reduced in 10-foot increments. Tests showed the 
basin should be a s  wide as the jet at the point of impact; otherwise the 
jet would land on the sir'es of the basin and create excessive splashing 
and spray. This basin width would also +ow flow circulation so  that 
there would always be  a pool under the jet.. Based on these tests, it was 
determined that the basin should be about:195 feet wide at  the chute; the 
sides should diverge at a 10' angle with the side slopes equivalent to 1: 1; 
the upstream invert at the end of the chute:,should slope at 2:l down to 
elevation 175; and the basin floor should continue at  this elevation to the 
river, Figure 91. 

The specification basin generally followed this outline with a few minor 
changes for construction purposes, Figure 92. One of these changes 
was a sill at the downstream end of the basin formed in the rock; this 
sill would serve a s  a cofferdam between the river and the basin during 
construction and would be left a s  an end sill for the basin. 



The corner of the block that was  subject to the severe subatmospheric 
pressure was modified so that there would not be an offset away from 
the flow. This was  done by extending the s1opir.g surface of the block 
until it protruded into the flow, F::pres 100 and 102. Piezometers in 
locations similar to those in the bqck before the corner modification 
irdicated that a l l  pressures were'i~aarly atmospheric or  above, Fig- 

Thirty-nine piezometers were installed in critical areas of a sheet 
metal block and in the left sidewall adjacent to the blocks, Figure 96. 
The piezometer locations were chosen to represent areas of high 
impact pressures and where subatmospheric pressures might occur. 
Pressures were observed in Blocks 1 and 2 for all discharges through 
277,000 cfs to detect any possible subatmospheric. conditions. Pres-  
surks  were recorded for seven represcntatiie discharges as shown on 
Figure 57. With the exception of pressures a: Piezometers 20 and 21 
in Block 1, all pressures were either near o r  above atmos 
highest pressure recorded was 180 feet of water (prototype pheric. at Piezom- The 
eter 15 for 277,000-cfs discharge. Piezometer 15 showed consistently 
the highest pressure readings throughout all tests. 

Extreme subatmospheric pressures occurred at a discharge of about 
18, 500 cfs in the area around Piezometers 20 and 21. Pressures were 
measured for discharges from zero to 25,000 cfs at Piezometer 20, 
Figure 98. The pressure dropped below atmospheric as flow started 
and reached a minimum of about 24 feet of water below atmospheric at 
18, 500 cfs; higher discharges raised the pressure toward atmospheric 
and the pressure remained atmospheric from 25,000-cfs up through 
277,000-cfs discharge. The pressures at Piezometer i5, in the high 
impact pressure area, were also recorded on Figure 98 for comparison. 
The pressures at these piezometers were identical in Blocks 1 and 2. 

- 

The subatmospheric pressures in the region a r o h d  Piezometers 20 and 
21 could be alleviated by aerating this area, Figure 99. Aeration was 
accomplished by disconnecting a piezometer and allowing air to enter 
through the piezometer opening; its effect on the other piezometers was 
then noted. The most effective aeraiion was obtained by supplying air 
through Piezometers 20 and 23, which were farthest upstream in this 
area. 

Several other methods of aerating the region were also tested. A groove 
which simulated a 6-inch-diameter half round pipe embedded just below 
the top edge on the downstream side of the block was  extended into the 
low pressure region. The groove filled with water and provided only in- 
termittent aeration, which would allow areas on the chute floor adjacent 
to the low pressure region to remain s~batmospheric. 



Pressures in Block 2 were very close to those recorded for Block 1 
for all discharges, except at Piezometer 12 where highly subatmos- 
pheric pressures occurred, Figure 103. The pressure at this pie- 
zometer began to drop below atmospheric at 100,000 cfs, reached a 
minimum of 24 feet below atmospheric a t  about 190,000 cfs, and at 
200,000 cfs began to rise, reaching atmospheric at about 250,000 cfs. 

Tests were continued on the chute block to improve the pressure condi- 
tions at Piezometer 12. Preliminary tests indicated that the pressure 
at this piezometer was a function of the angle of the chamfered surface 
with the top o r  side of the b1ob.k. This angle was changed by varying the 
end height of the vertical side of the block and keeping all other block 
dimensions constant. Pressures were obtained at piezometers that were 
affected by these modifications, and it was determined that the best pres- 
sure conditions were obtained w?th a 16. %-foot vertical height, Figure 
104. Slight discrepancies occurred in the pressures observed in the wood 
and steel blocks; pressures observed on the steel block were considered 
reliable because the piezometers were more accurately placed. 

The pressures on Blocks 3 and 4 were assumed to be identical to the 
pressures on Blocks 1 and 2, since the blocks a re  symmetrical about 
the chute centerline and the flow is essentially uniform across the width 
of the chute. 

A test was  also made at 150,000 cfs with the outlet gates controlling the 
reservoir water surface to elevation 901 and pressures were recorded 
for Block 2. These pressures were generally from 2 to 4 feet higher than 
those recorded for the same discharges with the gates fully open. Those 
pressures that were atmospheric remained atmospheric. 

Air demand was checked on the end and downstream side of the No. 2 
chute block. To measure the airflow two half-inch (model) diameter 
air vents, shown as A and B in Figure 96, were connected by a flex- 
ible tube to a 2.25-inch-diameter by 3-inch-tong air chamber with re- 
movable orifice plates in one end. A range of four orifice plates from 
1/16 to 3/8 inch were used. There was no airflow toward the chute block 
at any discharge. - 



Feath,?r River erosion tests. --The flow from the plunge basin split 
a t the ie f t  riverbank and part of it moved upstream. This uvs t~eam 
flow caused a large ed&y -to form that might interfere with tlie power- 
plant operation. A wall normal to the r i - ~ e r  was constructed on the 
left bank 370 feet upstream from the chute centerline, Figure 106. 
The wall was 170 feet long with its top at elevation 228. Tests were 
run at outlet discharges up to 277,000 cfs to determine the effective- 
ness of the wall; a powerplant discharge of 13,000 cfs was flowing in 
the river Tor a31 tests. 

The w a  turned the flow at 50,000,-cfs discharge m d  confined the eddy 
between the wall and the basin. A:i 75,000 cfs the flow overtopped the' 
wall and a mild eddy formed and &tended about 150 feet upstream fro 
the wall. The strength and size of the eddy increased at 100,000-cfs 
discharge; when the flow was increased to 150$00 cfs, the flow over 
wall became highly turbulent with a large eddy moving about 300feet 
stream along the .right bank, mov2ig rock abmt 8 feet in diarrreter. 

The top of the wall was raised 8 feet at the left end and sloped down to 
a %foot increase in height on the right end. The higher wall eliminated 
the strong upstream eddy for all discharges up to 150,000 cfs. However, 
at 150,000 cfs, the flow along the wall caused a large amount of erosion 
along and just downstream from the wall, Figure 106. The erosion-in 
this area was about 30 feet deep and took place in about 9 hours. This 
severe erosion precluded the use of the wall toreduce the eddying action. 

To determine what would haopen to the overburden that would b,e removed 
by the water flowing along the left bank, a sedimentation test was per- 
formed by introciucing sand at  the edge of the water at the leffbank. Tne. 
sand was placed along the bank or just under the water surfgee opposite 
and upstream from the impact area. In a time period equi7?alent to about 
18 hours prototype, 120,000 yards of sand was added to tiie model while 
the discharge was maintained at 150,OOG cfs. The sand;moved into a bar 
upstream and nearly blocked the river channel, but l e f h  sufficient chan- 
nel that the powerplant flow was not backed up, Figure 107. 

. . 
Tailwater interferknce. --Tests were run tb deterdine what effect the - 
flood control outlet discharge would have on the,Feather River tailwater 
elevations. The tests were made with and wit?~out 13, 275-cfs power- 
plant flow in the river and outlet, discharges2rom 50,000 to 150,000 cfs. 
T d w a t e r  elevations were measured at ~o i i i t s  1.400 feet downstream 
(Station 2) and 900 feet ups . . . ,. 

~ .~~ 
L - -  

:tream (StatiogLi) from the chute.> The re- 

,.. 

.~. 



These tests showed that the discharge from the outlets must exceed 
75,000 cfs before the river sta e upstream from the outlet chute is 
affected by outlet flows. At 158,000 cfs the upstream river stage is 
7 feet higher than tke downstream stage when the powerplant is operat- 
ing at full capacity. No measurements at higher discharges were made, 
since the powerplant will be shut down when the flood control outlet dis- 
charge reacl-2s 150,000 cfs. 

















Figure 7 
Report Hyd-510 

A. Surface flow at outlet entrance. 

B. Surface flow pattern indicated by 
confetti. 

OROVILLE FLOOD CONTROL OUTLET AND SPILLWAY 

Flow approaching outlet with 110-foot radius wingwalls 
(Discharge 250,000 cfs; reservoir elevation 900) 

1: 78 Scale Model 





Figure 9 
Report Hyd-510 

Discharge 150,000 cfs through Ule outlet only. 

Discharge 250,000 cfs through the outlets only. 

OROVILLE FLOOD CONTROL OUTLET AND SPILLW-4Y 

Direction of approach flow for use in obtaining 
velocity distribution 
1:78 Scale Model 



FLOOD CQNTROL OUTLET AND 
EACH SPILLWAY SECTION 
(FACING DOWNSTREAM) 

DISTANCE ( F E E T  FROM CENTERLINE)  

NOTE:  MEASUREMENTS TAKEN 3 0  F E E T  ABOVE INVERT 

O R O V I L L E  F L O O D  C O N T R O L  O U T L E T  A N D  S P I L L W A Y  

V E L O C I T Y  T R A V E R S E S  ( D I S C H A R G E  6 5 0 , 0 0 0  C F S )  
1:7B SCALE MODEL 



VERTICAL DISTANCE FROM VERTICAL DISTANCE FROM 
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Figure 13 
Report Hyd-510 

A n n w  ornc=rrrinn frnm flnnrl rnntrnl 





F I G U R E  15 
R E P O R T  H I D - 5 1 0  



I I 
----RESERVOIR WATER SURFACE 

F I G U R E  16 
R E P O R T  H Y D - 5 1 0  

C O E F F I C I E N T  O F  D I S C H A R G E  (Cdl 

O R O V I L L E  FLOOD C O N T R O L  O U T L E T  AND S P I L L W A Y  

O U T L E T  DISCHARGE C O E F F I C I E N T S  
1:78 SCALE MODEL 



Figure 17 
Report Hyd-510 



Figure 18 
Report Hyd-510 



Figure 19 
Report Hyd-510 



Figure 20 
Report Hyd-510 



Figure 21 
Report Hyd-510 



Figure 22 
Report Hyd-510 













Figure 28 
Report Hyd-510 

OROVILLE FL9OD CONTROL OUTLET 

First modification of outlet 
1 :48 Scale Sectional Model 



Figure 29 
Report Hyd-510 

- 
A large constant vortex formed 
which alteniated from Ea)-6 to 
Bay 7. (119,OOC-cfs discharge 
reservoir elevation 917. ) 

OROVILLE FLOOD CONTROL OUTLET 

Separation of flow 
from the bellmouth 
roof occurred in 
Bays 6 and 7. 

F i rs t  :noclification of outlet 
The model without the wall of symmetry three-bay operation 

1:42 Scale Sectional Model 



Discharge 100,000 cfs; reservoir 
elevation 853 approach flow and ! 

flow threugh the bays were smooth. 

Figure 30 
Report Hyd-510 

Discharge 277,000 cfs; reservoir 
water surface elevation 917 smooth 
approach flow except for an inter- 
mittent small vortex over Bay 5. 

Flow separation in 
bay 5 fluctuated but 
did not disappear. 

OROVILLE FLOOD CONTROL OUTLET 

First  modification of outlet 
Approach and downs+.rearn flow conditions 

1:48 Scale Sectional Model 



Discharge 150,000 cfs--water surface 
fluctuates above entrances. 

Discharge 150,000 cfs--severe drawdown 
and turbulence a t  the bellmouth entrance. 

Discharge 100,000 cfs--drawdown at Bay 7. 

Discharge 75,000 cfs--contraction or  draw- 
down occurred at the entrance of Bay 7. 

OROVILLE FLOOD CONTROL OUTLET 

Fi rs t  modification of outlet 
Outlet entrance flow conditions 

1 : 48 Scale Sectional Model 



Figure 32 
Report Hyd-510 

Discharge 100,000 cfs. Discharge 150,000 cfs. 

Approach channel sidewall transition. Flow was smooth 
at these discharoes. Transition did r.ot improve flow at 
higher discharges. 

Depression at dam filled to the 
elevation of natural topography. 
Discharge 200,000 cfs. 

OROVILLE FLOOD CONTROL OUTLET 

First  modification of outlet 
Chan es  to outlet entrance area  

1:di Scale Sectional Model 



Tigure 33 
Report Hyd-510 

Discharge 277,000 cis. Vertical 
wall extended from a point tangent 
to the bellmouth roof nose to above 
elevation 917. Smooth approach 
flow. Discharge 277,000 cfs. 

Without vertical wal l  
severe separation occurred 
in Bays 5 and 7. With the 
vertical wall added separa- 
tion in Bay 5 was eliminated. 

Flow was not affected by wall for 
discharge of 150,000 cis. 

The flow through the bays 
was smooth except for the 
effects of drawdown inBay 7. 

OROVILLE FLOOD CONTROL OUTLET 

First  modification of outlet 
Vertical wall above outlet entrance 

1:48 Scale Sectional Model 







F I G U R E  3 6  
R E P O R T  H Y D - 5 1 0  

44-f 1 44 Through 51 Center  of roof in Bov  7 
55 B 64 Right  Corner  o f  roof in 80; 7. 
64 T o p  l e f t  stde of P i e r  B ( B o y  7 )  

LOCATION O F  P I E Z O M E T E R S  

O R O V I L L E  FLOOD CONTROL O U T L E T  
FIRST MODIFICATION OF OUTLET 

BELLMOUTH PRESSURES VERSUS GATE CLOSURE 
1:48 SCALE SECTIONAL MODEL 



F I G U R E  37 
i E P O R T  H Y D - 5 1 0  

O R O V I L L E  F L O O D  C O N T R O L  O U T L E T  
FIRST MODIFICATION OF O U T L E T  

DISCHARGE C A P A C I T Y  
l : 4 8  SCALE SECTIONAL MODEL 



F I G U R E  3 8  
R E P O R T  H Y D - 5 1 0  

,-RES. WATER SURFACE 

WHERE: 
A = CROSS SECTIONAL AREA OF 

PASSAGE AT GATE (FT?) I / / i  I 
Q : DISCHARjE (CFS) 
H = HEAD IN  FEET 

C O E F F I C I E N T  O F  D I S C H A R G E  - ( C d i  

O R O V I L L E  F L O O D  C O N T R O L  O U T L E T  
FIRST MODIFICATION OF O U T L E T  

COEFFICIENT CURVE - FULL GATE OPENING 
1.48 SCALE SECTIONAL MODEL 
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A. Second nlodification--approach 
v~ingwall installed; depression 
filled to elevation 864; face of 
gravity dam placed adjacent to 
the outlet; and the 7.73-foot 
vertical face placed over the 
outlet. 

B. Close up view showing Bays 5, 6, and 7 with 
the vertical wall over the entrance and the 
approach wingwall. 

OROVILLE F M O D  CONTROL OUTLET 

Figure 41 
Report Eyd-510 

Second modification oi outlet 
1 9 8  Scale Sectional Model 



Figure 42 
Report Hyd-510 

Discharge 150,000 c f s - f r ee  flow 

Discharge 150,0012-cfs 
controlled flow. 20-foot 
dianeter  vortex centered 
over Bay 7. 

Discharge 277,000-cis f ree  discharge only small vortices 
form at this discharge but emerging flow remains turbulent. 

OROVILLE F m O D  CONTROL OUTLET 

Second modification of outlet 
Flow at entrance and exit 
1:48 Scale Sectional Model 



Fir;ure 43 
Report Hyd-510 



Figure 44 
Report Hyd-510 

P ie r  extensions over the sloping face of the buttress dam section. 

P ier  extensions 16 feet upstream and raised above the maximum water 
surface. 

Combination of the two extensions shown above. 

Discharge = 150,000 cfs. 
Reservoir elevation 900. 

Discharge = 250, OCO cfs. 
Reservoir elevation 899. 

OROVILLEFMODCONTROLOUTLET 

Second modification of outlet 
Test of pier extellsions at outlet entrances 

1:48 Scale Sectional Model 



Figure 45 
Report Hyd-510 



F I G U R E  4 6  
R E P O R T  H Y D - 5 1 0  

N O T E  

For P i e z o m e t e r  l o c a t ~ o n s ,  

see F ~ g u r e  3 4  

(Outlet  modif   coti ion one.) 

All gates full  open. 

. 
O R O V I L L E  F L O O D  C O N T R O L  O U T L E T  

SECOND MODIFICATION OF O U T L E T  

BELLMOUTH PRESSURES 
1:48 SCALE S E C T I O N A L  M O D E L  



F I G U R E  4 7  

- R E P O R T  H Y D - 5 1 0  

D I  S G H A R  G E ( 1,000 C.F.S.) 

N O T E  

For P~ezorne te r '  loca t ions ,  

see F igure  3 4  

(Outlet modi f icat ion one.) 

All gates full open. 

O R O V I L L E  F L O O D  C O N T R O L  O U T L E T  
SECOND MODIFICATION OF O U T L E T  

B E L L M O U T H  P R E S S U R E S  
WITH 15-FOOT V E R T I C A L  W A L L  

1:48 SCALE S E C T I O N A L  M O D E L  



F I G U R E  4 8  
R E P O R T  H Y D  -5_10 

8 2 0  1 I I I I I I 
0 100 2 00 300 

DISCHARGE ( Q )  IN 1000 C F S  

O A O V I L L E  F L O O D  C O N T R O L  O U T L E T  
SECOND MOPSICATION OF OUTLET 

D I S C H A R G E  C A P A C I T Y  
1:48 SCALE SECTIONAL MODEL 



R E S E R V O I R  E L E V A T A T I O N  ( F E E T )  



F I G U R E  5 0  
REPORT H Y D - 5 1 0  

C O E F F I C I E N T  O F  DISCHARGE - (Cd) 

OROVlLLE FLOOD CONTROL O U T L E T  
SECOND MODIFICATION OF OUTLET 

COEFFICIENT OF DISCHARGE - FULL OPEN GATES 
1:48 SCALE SECTIONAL MODEL 
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OROVILLE FLOOD CONTROL OUTLET 

Third modification of outlet 
1:48 Scale Sectional Model 



Figure 54 
Report Hyd- 510 

Discharge 100,000 cfs. 

Discharge 50,000 cfs. 

OROVILLE FLOOD CONTROL OUTLET 

Third modification of outlet 
Flow in approach channel 
1:48 Scale Sectional Model 



Figure 55 
Report Hyd-510 

A. Flow over the right bank caused turbulence 
i n  the approach flow. 

B. Drawdown in  water surface 
over Bay 8. 

C. Smooth flow emerging from 
the outlet. 

OROVlLLE F M O D  CONTROL OUTLET 

Third modification of outlet 
Approach c:iannel and downstream flow--150,QOOcfs discharge 

1:48 Scale Sectional Model 



Figure 56 
Report Hyd-610 

A. Confetti shows surface flow patterns. 

B. Smooth approach flow 
over entrances 

C. Flow emerging from outlets, 
note small  fins along piers. 

OROVILLE F M O D  CONTROL OUTLET 

Third modification of outlet 
Approach channel and downstream flow--277, OOOcfs discharge 

1:48 Scale Sectional Modei 



R. Erosion reached stable condition which 
did not chanqe after manv hours of 
operation at-all discharg&s. 

OROVILLE F M O D  CONTROL OUTLET 

Third modification of outlet 
Approach channel erosion 
1:48 Scala Sectional Model 

Figure 57 
Report Hyd-510 

A. Gravel placed in approach channel 
to measure erosion. (Prototype 
approach channel floor will be ex- 
cavated from rock. ) 



F I G U R E  5 8  
RLPO*T  H I D - 5 1 0 .  

P lER 9 - RIGHT E N D  P l E R  

3 7  3 8  3 9  4 0  41 4 2  43  4 4  45 

I 
28  2 9  3 0  31 3 2  3 3  34  3 5  36  k Boy 8 3 5 d  p9 

I 
,--260 

P lER 6 4 
I <  FLOW 

P I E R  5 
I. 

WALL OF SYMMETRY------.--- 

N O T E S  
Pielometers 4 6  and 47 ore 16.35ft obove the floor. 
Piezometers 48 and 4 9  ore on floor. 0 5 10 45 20 
Piezometer No. 5 0  otelavot ion 829.7 below No. 17. 
Pielometer No. 51 a t  elevation asl.9 below No. 18. SCALE ( F E E T )  
All  other piezometerr ore locoted in the roof o f  

the bellmouth. 

O R O V I L L E  F L O O D  C O N T R O L  O U T L E T  
THIRD MCDIFICATION OF OUTLET 

P IEZOMETER LOCATION P L A N  
1:4B SCALE SECTIONAL MODEL 



F I G U R E  5 5  
R E P O R T  H I D - 5  1 0  

K E Y .  Ptezorneler locatlonr (Al l  on  roof )  
C e n f e r l l n e  of  bay ----- R l ~ h t  corner of boy 
L e f t  corner of b o y  

See Dlezameter locolion Plan f l q u r e  5s 

PO 0 20 F O  60 

P R E S S U R E  S C A L E  
,PROTOTYPE FEETOFWATERI 

4 0 4 B 12 

S IZE  S G A L E  
I P R O T O T I P E  FEET1 

O R O V I L L E  F L O O D  C O N T R O L  O U T L E T  
THIRD MODIFIGATION OF O U T L E T  

GELLMOUTH OUTLET PRESSURES - DISCHARGE 2 7 7 , 0 0 0  C.F.S. 
1:48 SGALE S E C T I O N a L  MODEL 



Prrasues (Pmtotups Peet) 
recation CcntcrIlnc B¶y b Right side Bay 6 Tcft side Bay 8 
Pier-tcr No. 1 2  3 4 5 6 7 a k 9 10 11 12 13 14 15 16 17 178 lU 19 20 !2l 22 23 

9-in. gnte closure 
Q=E34,oOo cis e . 2  +7.7 +10.1 +1.9 +1.0 0 W.5 -3.4 -3.4 e . 0  1w.6 i9.6 W.2 e . 4  te.4 -6.7 -9.1 -9.1 +I.& 43.8 r g . 8  +17.8 + l a 0  47.2 rg.3 
h e e m i r  elm 

- -- 

&ation rcrt srae s s ~  a ~cntarun~ my a wht side ~ a y  8 
~lezcmcter No. 211 6 Z h  27 28 29 XI 31 32 JJ 34 35 35s 36 117 JB 39 40 41 42 43 44 45 50 51 

Pne n w  
gm,W efs -15.4 -25.0 -3.7 -13.9 +a.7 -7.7 - l L O  -9.6 -13.4 -15.4 -14.8 -16.3 -20.2 -18.7 +1.9 -2.4 -7.2 -6.7 -8.2 -9.1 -9.2 -10.6 -12.5 +p.7  6 . 4  -0.5 
Rcsemir elm 

Pree a w  
~434,oOo eie -10.1 -17.8 -19.2 a . 2  -4.3 -6.2 -5.3 -7.2 -8.2 -7.7 -7.7 -10.1 +13.0 -1.4 -4.3 -3.4 -3.8 4 .3  -2.9 -3.8 -7.7 W . 0  
Basemir elPBgl 

9-in. sate chmr@ 
BZ54,oOo ers +l.9 -7.7 -12.0 o 4 . 9  w . 4  +14.9 e . 6  45.3 e . 4  +l.k 0 -5.3 4 . 8  +13.o 6 . 4  +16.3 +12.o 19.1 6.7  +7.2 +4.8 +l.g y4.6 32.2 4 . 3  
Rcserwlr elm 

3-in. Bate closlnc 
C=a3,5a0 c i a  -10.1 -20.6 -23.0 e . 6  e.1, -3.8 -3.8 4 . 7  -9.6 -9.1 -9.6 -15.8 
RDsenw* elm 

W.2 W.2 -1.0 -1.4 -6.2 4.8 -3.4 3 .3  -7.7+32.2 



es 

Hd P R E S S U R E  D R O P  C O E F F I C I E N T ,  G = -  
vY2. 



0 
Plezmeter FTessures (Prototype Feet of Water) 

kca t ion  Centerbine Bey 6 Right side Bay 6 
Piezaueter No. 1 2 3 4 5 b 7 8 8a 9 10 11 l2 13 14 15 16 17 17a 18 *jO -1 - - 
w,375  C f S  ISS BS AS IPS AS ITS IPS NS s AS xs BS ITS nss AS RS AS ITS IVS ~ ~ 1 2 . 5  0.5 
Ws847.9 it 

&19,375 cfs 17.3 16.3 15.4 14.4 13.9 12.5 11.5 10.1 9.4 7.2 17.3 16.3 15.8 14.4 13.9 12.5 11.0 10.1 9.1 10.1 30.2 9.6 
wsa63.5 ft 

QP9,375 cfs 27.8 27.4 26.4 25.4 24.5 23.0 22.1 ii..6 20.6 17.8 27.8 27.4 26.4 25.4 24.5 23.0 2l.l 19.7 20.6 17.8 40.8 20.2 
WS-874.8 ft 

- 

&l8,750 cfs -1.0 -2.4 -2.4 -2.9 -2.9 -2.4 -1.0 +1.0 +2.9 45.3 +1.0 -2.0 -2.0 -2.9 -2.4 -4.3 -3.4 -1.4 2.9 45.3 16.3 2.9 
wsc863.5 ft 

Q=8,750 C ~ B  a . 6  19.7 15.4 13.0 11.5.10.6 u . 5  12.5 13.9 15.8 a . 6  19.2 16.3 13.4 12.0 9.6 9.1 10.1 14.9 17.3 28.8 10.6 
wst;74.8 ft 

m s :  
Vlezaneter l70. 50 located 16.35 feet  above the floor of Bay 6 and 3.6 fee t  frau the nose of Pier 7. 

wpinane te r  Ho. 51 located 38.29 feet  above the floor of Bay 6 and at the nose of Her 7. (see Piezaneter 
Location Plan, Flgure 58.) 

Ilay: 
Q - discharge OROVILLE FLCQD oLVLE!f 

WS - reservoir water surface elevation m r d  Moditication of Outlet 
HS - not m e r g e d  (about 4 feet  of draWaom i n  the bay) Piezaneter Pressures--my Bay 6 operating 

1x48 Scale Section Model 



24 (PIEZOMETER NUMBERS) 
AVG. PRESSURE -1:  

25 AVG. PR.  -24 

Figure 63 
Report Hyd-510 

"7 
W 34 AVG. P R .  -16 . . .  . . .  

, , 
.., 

a: .-..-- -- ............ : , - - .. 1 -- 8 i.2: , . . . 8 . . I . ,  
a +20-.,.~~. ...... . . .  . ..:. . ... x . 1 .  

, . 
, . .  . . .  , , , 

......... 

35 AVG. P R .  -19 

t20- 

0 - 

T IME IN SECONDS ( P R O T O T Y P E )  

A. Discharge 277, 000 cis E. disc ha!.^^. 150, OCO c i s  C. Gntcs  closed 3 f ee t  
Res .  W.S. El. 907 RES. '7j.S. El. SGJ Disc)!. XE,  000 cis 1::. S. El. 907 

Note: kvg. pr. siwm in iee! of water .  

OROVILLE FLOOD CONTROL OUTLET 

Tilircl Modification of Olltl.>t 

Dynamic p r e s s u r e  r e c o r d s  

1:48 Sc& Sectional  Morlel 



Figure 64 
Report . ~. Hyd-510 

Type of : Piezometer : Average : Maximum : Minimum : Frequency 
o~era t ion  : numbew : oressure : uressure : ~ r e s s u r e  : CDS 

Discharge : 24 : -13.7 : -12.5 : -14.9 : 1.0 
m,rn cfs: 25 : -24.5 : -22.1 : -28.1 : 2.2 

26 : -26.3 : -22.7 : -29.9 : 2.1 
Reservoir : 33 : -12.5 : - 5.3 : -24.5 : 3.9 
elevation : 34 : -16.1 : - 8.9 : -28.1 : 1.5 
907 : 35 : -19.1 : -13.1 : -29.9 : 2.0 

Discharge : 24 : -2 .9  : -0.5 : -4 .1  : 1.3 
150,000 cfs: 25 : - 4.1 : - 1.7 : - 6.5 : 2.4 

26 : + 0.1 : + 3.7 : - 3.5 : 1.8 
Reservoir : 33 : - 1.7 : + 1.9 : - 4.1 : 4.6 
elevation : 34 : - 4 . 1 :  - 1 . 7 :  - 6 . 5 :  1.4 
863.5 : 35 : 1 .  : +3 .7  : 3 5  : 1.5 

Discharge : 24 : +19.9 : +21.0 : +18.7 : +1.1 
(approxi- : 25 : +12.7 : +15.1 : +10.3 : +1.8 
mately) : 26 : 410.9 : C13.3 : +8.5  : +1.8 
2L8,000 cfs: 33 : +19.9 : +25.9 : +13.9 : +4.5 

: 34 : +13.9 : +19.9 : - 4.1 : +1.4 
Reservoir : 35 : +12.1 : +18.1 : + 3.7 : +1.7 
elevation : 
907 

Gates 
closed 
10 % 

*See Piezmeter Location Plan Figure 58. 

OROVILLE FLOOD CONTROL, OUTLET 
Third Modification of Outlet 
~f Dynamic Pressures on Bellmouth Roof 
1:48 Scale Sectional Model 



Piezometer : Pressures (Prototme Feet) - 
number : With %foot p ie r  : With 5-foot p ie r  

1 +3.8 +6.2 
2 +1 .O -1.4 
3 +1.9 -1.4 
4 -1.4 -3.8 
5 -0.5 -3.8 
6 -0.5 -4 -8 
7 +1.4 -5.8 
8 -1.9 -8.6 
9 +28.8 +22.1 

10 +U.4 +I3 -4 
11 +4 -8 +1.9 
12  +3.4 +0.5 
13  -1.4 -4 -3 
15 -2.9 -12.0 
1 6  -9.6 -12.9 
17 -1l .O -9.6 
1 8  +37.4 +33.1 
24 -7.7 -13.9 
25 -16.3 -24 -0 
26 -17 .8 -31 -7 
33 -6.2 -18 -7 
34 -6.7 -15 -4 
35 - 4 . 4  -23 .5 

Discharge 277,000 c f s  

See piezometer location plan Figure 58 

OROVILLE F X O D  CONTROL OUTLET 
Third Modification of Outlet 

Pressures on 5- and 8-foot-wide Piers  
1:48 Scale Sectional Model 



F I G U R E  6 6  
R E P O R T  H Y O - 5 1 0  

I 0 0  200 

D I S C H A R G E  ( Q  ) IN  1000 G F S  

OROVILLE FLOOD CONTROL O U T L E T  
THIRD MODIFICATION OF OUTLET  

D ISCHARGE R A T I N G  
1:48 SCALE SECTIONAL MODEL 





F I G U R E  6 8  
R E P O R T  H Y D - 5 1 0  

COEFFICIENT O F  DISCHARGE - ( C d )  

OROVILLE FLOOD CONTROL O U T L E T  
THIRD MODIFICATION OF OUTLET 

COEFFICIENT OF DISCHARGE - FULL OPEN GATES 
1:48 SCALE SECTIONAL MODEL 





Overall view of model--facing downstream 

Approach channel and entrance 

OROVILLE F M O D  CONTROL OUTLET 

Recomme~ led design outlet 
1:78 Scale Model 

Figure 70 
Report Hyd-510 



Figure 71 
Report Hyd-510 



Regions of low-flow velocity indicated 
by shaded areas. 

OROVILLE FLOOD CONTROL OUTLET 

Bellmouth entrances 
1:78 Scale Model 



Figure 73 
Report Hyd-510 

Discharge 2'/7,000 cfs 
without .approach wa!! 
extension on left side. 

Discharge 277,000 cfs 
with left wall extension. 

Discharge 150,000 cfs; 
reservoir elevation 
controlled to 931 feet 
without approzch wall 
extension. 

Discharge 150,000 cfs; 
reservoir elevation 
controlled to 901 feet 
with left wall extension. 

OROVILLE FLOOD CONTROL OUTLET 

Flow with and without approach wall 
extension on the left side 

1:78 Scale Moclel 



Figure 74 
Report Hyd-510 

A. Flow at  right side approach 
wall extended to above maxi- 
mum water surface. 

B. Flaw at right side without 
approach wall extension. 

C. The best flow occurred with 
an approach wall extension 
on the left side only. 

OROVILLE FLOOD CONTROL OUTLET 

Flow with and without approach wall 
extension on right side 

1% Scale Model 





F I G U R E  76 
R E P O R T  H Y D - 5 1 0  



A L L  FLOW BEYOND THIS POINT  
EXTENDING TO THE SHORE L I N E  
WAS IN  AN  UPSTREAM DIRECTION 
T H E  MAXIMUM VELOCITY WAS 
ABOUT I  F P  S 

DISTANCE IN  F E E T  FROM APPSOACH CHANNEL CENTERL INE  AT STAT ION 7 t00  

O R O V I L L E  F L O O D  CONTROL O U T L E T  

V E L O C I T Y  T R A V E R S E  
1:78 SCALE MOOEL 



F I G U R E  7 8  
R E P O R T  H Y D - 5 1 0  

V E L O C I T Y  (f.p.s.) 
150,000 c.f.5. DISCHARGE - RES. 

W.S. ELEV. CONTROLLED TO 901 FT. 

VELOCITY  (f.p.5.) 
277 ,000  c.K s. FREE DISCHARGE 

RES. W.S. ELEV. 9 0 7  

VELOCITY  (f.p.s.1 
150,000 c.f.5. FREE DISCHARGE 

RES. W.S. ELEV. 8 6 3  

V E L O C I T Y  (f.p.s.1 
7 5 , 0 0 0  c.f.s. FREE DISCHARGE 

RES. W.S. ELEV. 8 4 6  

K E Y  
----- 78 Feet  l e f t  o f  cen te r  

Cen te r  o f  approach  channel  - 7 8  Feet  r i gh t  of cen te r  

N O T E  
P ro f i l e s  token o t  Sta. 7 + 00 
Each po in t  100  sec. overage. 

O R O V I L L E  FLOOD CONTROL O U T L E T  

V E R T I C A L  V E L O C I T Y  P R O F I L E S  IN APPROACH C H A N N E L  
1:78 SCALE MODEL 



l:48 Scale Sectional Model 1:78 Scale W e 1  
Piezometer No. : Pressure : Piezmeter No. : Pressure 
Discharge Z"7.000 cfs 

Discharge 250,000 cfs 
35 

25 
Discharge 200,OW cfs 

Discharge 150,CKX) cfs 
35 
34 
26 

Note: 
Piezometers 1,2,3, and 4 in 1:78 model correspond to piezometers 
35,34,26, and 25, respectively, in the 1:48 scale sectional model. 

OROVTLLE FLOOD CONTROL OUTLET 

Comparison of Bellmouth Pressures 

1:78 Scale kdel 



Figure 80 
Report Hyd-510 

Discharge 100, OOkfs  
uncontrolled flow. 

Discharge 50,000-cfs 
uncontrolled flow. 

Discharge 150, O 0 k f s  gates 
controlling reservoir water 
surface elevation 931. 

Discharge 150, OOO-cfs 
uncontrolled flow. 

OROVILLE FLOOD CONTROL OUTLET 

Chute flow downstream from outlet bays 
i:78 Scale Model 



Figure 81 
Report Hyd-510 





Figure 83 
Report Hyd- 510 

Overall view of chute. 

Flip bucket at end of chute. 

OROVILLE FLOOD CONTROL OUTLET 

Initial chute and flip bucket 
1:76 Scale Model 



Figure 84 
Report Hyd- 510 

Discharge 50,000 cfs. 

Discharge 150,000 cfs. 

Discharge 277,003 cis. 

OROVILLE FLOOD CONTIZOL OUTLET 

Flow in  r ive r  from initial flip bucket 
1:78 Scale Model 



A. No left bank excavation. Discharge 
277,000 cfs. 

B. No left bank excavation. Discharge 
150,000 cfs. 

C. Left bank excavated 100 feet. Dis- 
charge 277. WJO cfs. 

D. LeW bank excavated 100 feet. Dis- 
c h a r g ~  150,000 cfs. 

OROVTLLE FLOOD CONTROL OUTLET 

Flow with straight chute and left bank excavation 
1:78 Scale Model 



Figure 86 
Report Hyd- 510 



Figure 97 
Report Hyd-510 

Curved deflector wall about 80 feet 
high and 300 feet long. 

OROVILLE FLOOD CONTROL OUTLET 

Flow with curved excavation in left bank 
1:78 Scale Model 



Figure 88 
Repor t  Hyd-510 

OROVILLE FLOOD CONTROL OUTLET 

Flow in basin with trajectory apron at i: ir  of chute 
15'8 Scale Model 



Figure 89 
Report Hyd-510 

A. Ijlscharge 27'7,000 cfs, 40" flip 
bucket installed at Station 42+40. 



Figure 90 
Report Hyd-510 

A. The "Plow. 'I 

C. Triangular blocks a t  ends 
of f i r s t  row blocks. 

B. The slotted "Plow. " 

D. The "Pyramid" blocks. 

OROVlLLE FMOD CONTROL OUTLET 

Arrangements tested for flow dispersion 
1:78 Scale Model 



FIGURE 91 
*EPOIII " I D  - 5 ,  --__ 

w '" 

CONCRETE 

.-. 

END S ILL  DETAIL 

S E C T I O N  A - A  

OROVILLE FLOOD WNTROL OUTLET 
PROPOSED CHUTE BLOCKS AND 

EXCAVATION AT END OF CHUTE 
1 : 7 8  S C I L E  YODEL 







Figure 94 
Report Hyd-510 

.. . 3 .  . 
,, , ... % 

P866-D.49990 Nb 

The chute blocks and basin. 

Discharge 50,000 cis. 

Discharge 100,000 cis. 

The model operating at 150,000-cis discharge 
tailwater surface elevation 228 feet. 

OROVILLE FLOOD CONTROL OUTLET 

The recnmrn2nded chute blocks and plunge basin 
1:78 Scale Model 



Figure 95 
Report Hyd-51.0 

P846.D-49994 NA 

Discharge 150,030 cfs; tailwater surface 
elevation 223 feet. 

Discharge 203, 030 cfs; tailwater surface 
elevation 237 feet. 

Discharge 277,000 cfs; tailwater surface 
elevation 279 feet. 

Discharge 292 003 cfs; tailwater surface 
elevation 280 feet. 

OROVTLLE FLOOD CONTROL OUTLET 

Operation of recommended chule blocks and plunge basin 
1:78 Scale Model 



I CHUTE B L O C K  P l E l D U E T E R  LOCI IT IONB 

S E C T I O N  A-P 
S E C T I O N  8-8 

SIDEWnLL PLELOMETER LOCATIONS 
L E F T  WALL 

U --A 
L O C A T I O N  P L A N  

NOTE 
Pierometpri  ware in block 2. Pressures for block I were obtained by elacing 

o 1 0 1 1  be i reen  black5 I and 2 ond extending i t  ruffarrently uertreom 
t o  oPtoln emper f io r  rondltlon8 ot  *he blocx. Plerrurc doto far block5 
3 on6 4 orrumed vmllor to doto for blockr I  and 2. Diawng Scale i'. 1'-0' 

O R O V I L L E  F L O O D  C O N T R O L  O U T L E T  

LOCATIONS OF CHUTE BLOCK AND S I D E W A L L  P I E Z O M E T E R S  
PLAN AND SECTIONS 

1 : 78 SCALE MODEL 



Piezometer: Discharee (thousand cfs) 
No. : 18.5: 50 : 75 : 100 : 150 : 200 : m .. 

16 : 4 : 4 5  : 56 : 66 : 99 : 120 : 156 
1 7 :  : 6 :  6 : 6 : U. : 18 : 43 
1 8 :  0 : :  4 :  s : o : o : -4 
1 9 :  0 : O :  0 :  0 :  0 : 0 : 0 
20 : -24 - 0 0 :  0 : 0 : 0 : 0 
21 : - 2 2 :  0 :  0 :  0 : 0 : 0 : 0 
22 - 4 0  0 :  0 : 0 : 0 : 0 
23 : -9 1 1  : 10 : 11 : 14 : 20 : 28 
24 : - 7 :  0 :  0 :  0 :  3 : 4 : 5 
25 0 :  0 :  0 : 0 : 0 : 0 
26 : -2 : 0 :  0 :  0 : 0 : 0 : 0 
n :  o : o :  o : o : o : o : o 
2 8 :  0 0 :  0 : 0 : 0 : 0 : 0 
2 9 :  0 0  0 :  0 : 0 : 0 : 0 
30 : 3 L 5 5 9 : 11 : 11 

Notes: Tests were run on Block No. 1; data assumed applicable to Block No. 4. 
Pressures for 18,500 cfs are the same for Blocks No. 1 and 2 and assumed 
applicable to Blocks No. 3 and 4. 
For piesometer locations, see Figure 96. 

Minus sign indicates pressures below atmospheric-others are above atmospheric. 

OROVILLE FLOOD COEFPROL OUTLFT 
Chute Block Pressures--Blocks No. 1 and 4 

1:78 Scale Model 



F I G U R E  98 
R E P O R T  H Y D - 5 1 0  



. 
All : Piezometer : Piezometer : Piezometer 

Piezometer : piezometers : No. 23 : No. 20 :No. 20 and 23 
No. : connected :disconnected :disconnected :disconnected 

? 

Note: 
For piezometer locations, see Figure 96. A disconnected piezometer 
allowed air to enter at that point. Minus sign indicates pressures 
below atmospheric. 

OROVILLE FLOOD CONTROL OVTLFP 

Effect of Aeration on Pressures at Corner of Chute Block 

1:78 Scale Model, 



F I G U R E  100 
R E P O R T  H Y D - 5 1 0  

SECTION A-A 

O R O V I L L E  F L O O D  CONTROL OUTLET 

MODIFIED CHUTE BLOCKS - RECOMMENDED 
1:78 S C A L E  MODEL 



. 
Piezometer Nos. : Discharce (thousand cf s )  
b o d i f i e d  Block) : 150 -: 200 : 2-77 ,,- 

1 +3 : 0 : -4 , :  

2 +3 : 0 : -2 
3 +2 : -2 : + 2 
4 -12 : -6 : +12 
5 +2 : +18 : +53 
6 : +12 : +34 : +7 2 
7 +3 : +2 : 0 
8 +7 : +7 : +9 
9 : +58 : +67 : + 83 

10  : . .+58 : . . 
+68 : . : + 83 

11 0 : +2 : +4 
0 12  : +40 : +5 : 

13 0 : 0 : 0 
14 : +lo0 : +120 : +140 
15 : +83 : +lo0 : +l30 

Notes: Tests were run on Block No. 2; data assumed 
applicable t o  Block No. 3. For piezorneter locations, 
see d i f i e d  chute block drawing, Figure 100. 
Mcdel pressures between +0.025 foot and -0.010 foot. 
were recorded a s  zero. 

, 

1- 

OROVILLE FLOOD CONTROL OUTLEI' 

Pressures on Modified Block (Protrusion 
a t  Upstream Corner) 

1:78 Scale Modei 



h 

OROVILLE FLOOD CONTROL OUTLET 

Recommended chute block 
1:78 Scale Model 



Pressure (Prototype Feet of Water) 
--- 

Diszharpe (thousand c f s )  - 
50 : 75 : 100 : 150 : 200 : 27'7 Piemmeter No, : 

. 

Notes: Tests were run on Block No. 2; data assumed applicable t o  Block 
No. 3. For piezometer locations, return t o  i n i t i a l  numbering system, see 
Figure 96. 
Minus sign indicates pressures below a-crnospheric--others a r e  above atmospheric. 

OROVILLE FLOOD CONTROL OUTLET 
Chute Block Pressures--Blocks No. 2 and 3 

1:78 Scale Model 



PRESSURE (PROTOTYPE FEET) 

16.25 FT. 

O R O V I L L E  FLOOD 



Dischame (thousand cf s )  
Piezometer No. : 50 : 75 : 100 : 150 : 200 : 277 

31 : 0 :  0 :  0 :  0 :  0 :  4 
32 : 0 : 0 : 0 1 2 :  3 :  29 
33 : 1 0 :  17 : 2 1 :  3 3 :  3 9 :  46 
34 0 :  0 :  0 5 :  2 0 :  ,!,l 
35 : 0 : 0 : 5 :  2 1 :  3 7 :  54 
36 : 1 1 :  1 7 :  23,:  3 8 :  5 2 :  87 
37 : 0 :  0 : 0 4 :  1 6 :  40 
38 : 0 0 3 1 6  3 3 :  53 
39 : 12 : 18 : 2 1 :  4 0 :  5 5 :  71 

Note: For piezometer locations, see Figure 96. All pressures were 
above atmospheric. A 5-foot-long sill was placed a t  the end 
of the chute. 

ORdVILLE FLOOD CONTROL OUTLET 

Sidewall Pressures 

1: 78 Scale Mcdel 



OXOVILLE FLOOD CONTROL OUTLET 

Figure 106 
Report Hyd-510 

A. Initial wall was 170 feet long 
~ i t h  the top at  elevation 228. 
Dye shows region of high ve- 
locity flow. Discharge 
150,000 cfs. 

B. Enlarged wall was 190 feet 
long. The top sloped from 
elevation 236 at the r iver  
bank to elevation 231. Wall 
prevented 150,000-cfs dis- 
charge flow from moving 
upstream a s  shown by dye. 

Either waU produced erosion 
in the streambed. 

Flow and erosion in the r iver  with wall on left bank 
1:78 Scale Model 



Figure 107 
Report Hyd- 510 

A. Deposition after 
about 60.000 cubic 
yards of material 
was added in 2 

B. Deposition after a '\ 
sacond 60,000 cubic 
yards of material 
was added durinq 16  

hours (prototype). more hours of opera- 
Discharge 150,000 tion. Discharge 
cis. 150,000 cfs. 

C. View of river md 
basin after test. 

OROVILLE FLOOD CONTROL OUTLET 

Sedimentation due to erosion along left bank 
1:78 Scale Model 
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ABSTRACT AEiSTRACT 

..,.. - - ~  ~~ , .. . ~ ~ . ~ ~  ~ ~ ~~~~ a - ~  - ~ -  ~ 

arrangement of scparate strurtures was approvhl. Tests on the 
1:18 model of the approach channel, flood co;ltrol outlet, ated 
spillway, chute, and river channel showed o e c r  flow con~i t iuns  .. 
were exeellent. The structure was redesi 4 a s  separate'flood '' 

control outlet and emergency spillway, an%e outlet was U%?n 
studied on a k 4 8  sectional model and the 1:78 model. The outlet 
was designed for a normal discharge capacity of 250,000 cis at  
reservoir  el 900. Energy dissipation of the outlet flaw was accom- 
plished by dispersing the flaw with four 23- x 44-ft wedga-shaped 
chute blocks. This dispersed flow landed in a la r  e plunge pool e r -  
cavat~l i  in the right bank of the Feather River. Su%atmosphcric pres- 
sures at small are- of the blacks were eliminated h;i acration and a 
sliaht reshaoino of thc h!ack comers.  Pressures on the bellmouth 

The initlal combined flood control outlet and s~ l l lwav  for  Orovfllc 

1:78,$odel of the ip.oroach~hanne1, floodcantml outlet, a k d  
~ ~ i l l w a v .  chute. and r!:jSr c l k n e l  showed othcr flow conr?l!idns 

rescrvoi; el 900. Energy dissipation aithr? butlet flow was accom- 
plished by d ioprs ing  thc flow with four 23- x 4 4 4  wedge-shaped 
chute blocks. This dispersed flow landcd in a large plunge roo1 ex- 
cavated in ths right bank of ths Feafhcr River. Subatmospheric prcs- 
sure5 at small  zrcas of tho blocks werc eliminated by aeration and a 
slinht wrhanino of Uie block corners. Pressures  on the bellmuuth 

~- =- 
vertical face of the gravity sectio<greally reduced vortex aciion and 
turbulcncc in the approach now. turbulcnce in the apiroach flow. 

ABSTRAff ABSTRACT 

The inilial combined flwd control outlet and spillway for  Oravflie 
Dam, in which the flow from the bays converged rapidly into a 
narrow lined chutc, did not owra t e  satisfactorily on a 1:78 scale 
overall hydraulic model, so various changes were studied and an 
arranoement of separate structures was approved. Te.;ts on !he 
1:78 <odd of the approach channel, flood control outlet, 
spillway, chute, and river channel showed othcr flow conr?%% 
YIerC excellent. The structure was redesl ned a s  separate naod 
control outlet and;emergency spillway, andthe outlet was then 
studied on n 1:48bectional model and the k 7 8  model. The outlet 
.>as designed for;a normal discharge capacity of 250,000 c i s  a t  
reservoir  el 900. Energy dissipation of the outlet flow was accom- 
plished by dispersin the flow with four 23- x 4441 wedge-shaped 
chute blocks. This i lspersed flow landed in a large plunge p o l  ex- 
cavated in the right bank ni the Feather River. Subatmospheric pres- 
sures  a t  small areas of.the blocks were eliminated by aeration and a 
slight reshaping of the block corners. Pressures on the bellrnouUl 
entrance suriaces were subatmosRheric near the u ~ s t r c a m  end. but 
a more gradually curved bellrnuuih raised thc pressures. Studies 
showed that U the flood control outlet was contained in a gravity d a n  
section rather than the preliminary slab and buttress section, the 
vertical face of tho gravity section greatly reduced vortex action and 
turbulence in the approach flaw. 

showed &at U Uie flood control outlet was contdned in a gravity dam 
scction rather than the prelimlnary slab and buttress section, the 
vertical face of the gravity section greatly reduced vortex action and 
turbulence in the approach now. 
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